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WORKSHOP PURPOSE...

TO FOSTER COMMUNICATION WITHIN THE TECHNICAL COMMUNITY ON
ISSUES SURROUNDING STABILIZATION AND IMMOBILIZATION OF THE DEPARTMENT’S

SURPLUS PLUTONIUM AND PLUTONIUM-CONTAMINATED WASTES.

WORKSHOP OBJECTIVES...

TO BUILD A COMMON UNDERSTANDING OF THE PERFORMANCE, ECONOMICS

AND MATURITY OF STABILIZATION AND IMMOBILIZATION TECHNOLOGIES...

TO PROVIDE A SYSTEM PERSPECTIVE ON STABILIZATION AND IMMOBILIZATION

TECHNOLOGY OPTIONS...

TO ADDRESS THE TECHNICAL ISSUES ASSOCIATED WITH TECHNOLOGIES FOR
STABILIZATION AND IMMOBILIZATION OF SURPLUS PLUTONIUM AND PLUTONIUM-

CONTAMINATED WASTE.
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HIGHLIGHTS OF WORKSHOP SESSIONS

SESSION

PUR{-”OSE

. OUTCOME

Introductory

State the purpose of the workshop. Provide
overviews of the stabilization and immobiliza-
tion programs as well as stakeholder views.

Sets the stage for the following sessions, provides

background information, shows broadly how the
DOE Office of Environmental Management (EM)
and Office of Fissile Materials Disposition (MD)
program complement each other.

Materials and
Conditions

Provide information as to the types and
quantities of materials that must be stabilized
with emphasis on their chemical nature and
the status of technologies for characterization.

Sets the stage for the following session on how
stabilization will be addressed by defining our
under-standing of the current status of materials.

Stabilization
Standards
and
Applications

Provide information as to the materials
condition expected after stabilization (i.e.
standards), the technologies that could be
used for stabilization, and how the stabilization
technologies could be applied to the materials
described in the previous session.

Better understanding of stabilization require-
ments. Better understanding of the match
between residue types and technologies. Better
understanding of technology limits and develop-
ment needs. Description of feed materials for
the immobilization process.

Immobilization
Waste Forms

Provide historical perspective. Discuss the
principal waste forms (glass and ceramic) in
terms of composition, plutonium solubility,

radiation spiking, poison addition, problems
and development needs.

Better understanding of match between immobi-
lization feeds and waste forms. Provides a clear
picture as to what is known and what must still
be studied.

Immobilization
Facilities

Discuss engineering aspects of technologies
including feed treatment, design, flowsheets,
offgas, waste streams, technology maturity,
economics, safeguards and security.

Provides a description and. status of the principal
technologies under study and identifies the
development needs.

Long Term
Performance

Provide discussion of leaching, safeguards and
security, and retrievability from a longterm
perspective.

Describe long term issues that require resolu-
tion.

Breakouts

Provide for more in-depth technical discussion
of key issues. Allow for continued discussion
of items from the invited paper sessions.
Allow for alternative technical points of view

and technical items not covered by the papers.

Better understanding of DOE technical strategy.

Summary

WGB.96-0013 01/17/96

Reports from breakout sessions, synthesis of
breakout sessions. Overall workshop summary.
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Workshop Perspectives

Jeffrey N. Kass, Lawrence Livermore National Laboratory and
Randy Erickson, Los Alamos National Laboratory
Workshop Technical Leads

This workshop was designed to allow discussion of the full range of technological activities that
must occur in order to (1) chemically stabilize plutonium containing scraps and residues and then
(2) convert the scraps and residues as well as other forms such as excess pits into an immobilized
form that is not suitable for subsequent weapons use. The latter effort is termed disposition.
Immobilization, along with reactor burning and burial in a deep borehole are being considered
for the disposition effort. We also included a discussion of some issues associated with eventual
entombment of the immobilized forms in a mined geological repository. The time frames for
these activities differ. The chemical stabilization effort has a relatively near term focus of about
6 years. The disposition effort has an intermediate time frame of 10 to 20 years, and the potential
entombment in a mined geological repository has a very long time frame. The workshop was, of
course, also intended to provide a broad range of technical views as to how this complex process
might be accomplished. We are very grateful for the constructive participation by many non
government officers, and are very pleased by the participation of scientists from universities as
well as scientists from overseas, particularly those from Russia. The papers presented by the
Russian team were of high quality and added significantly to the quality of the workshop.
Staying abreast of technology developments outside the United States is recognized as an
important element of the overall effort. We have learned several important items from the results
of this conference, especially about the interfaces between the important stages in the overall
process for dealing with these materials.

We have found that there is a variety of plutonium forms. These range from fabricated metallic
weapons components, to metal and oxide, and also to a varied group, of scraps and residues.
Many of the scrap and residue forms are currently in a condition that requires treatment to assure
long term chemical stability. While chemical characterization of all scraps and residues is not
yet complete, there is enough information to begin conceptual design and development activities
along with stabilization operations for some of the material forms. Studies at each site have
resulted in identification of the materials for which chemical stabilization is most time urgent.
The complexity associated with the broad range of plutonium scrap and residue chemical forms
results in the need for careful examination of each type of form to assure the proper stabilization
techniques are selected and applied. The Department of Energy, along with its supporting labs
and plants have surveyed the materials that must be treated and have identified a broad range of
treatments that can be used. It is likely that no single treatment technology will be adequate for
the full range of scraps and residues. Instead, varying treatments will be selected for individual
types of residues based on technical and economic considerations. A research program has been
started to develop some new stabilization approaches. There are a number of interesting and
useful immobilization technologies that are available for the chemical stabilization work. While
these immobilization for stabilization techniques are promising, some additional development
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work is needed before application to plutonium bearing scraps and residues. Our Russian
colleagues described some additional techniques that may also be useful.

Immobilization is also being developed as one of the principal options for disposition of excess
fissile materials - the process that will render these materials unsuitable for subsequent weapons
use. In this sense, the chemical stabilization processing provides part of the feed to the
immobilization for disposition work. Therefore, the chemical stabilization processing must be
done in a manner that does not prevent or unduly complicate subsequent disposition. Both
ceramic and glass forms are being considered for the immobilization disposition work but the
overall technology is not yet as mature as that of reactor burning. This is not surprising, given
the extensive experience in reactor technology throughout the world and the European '
experience in burning mixed oxide fuel. There is considerable experience in immobilization of
high level waste using glass and, to a lessor extent, ceramics, but there is very little experience in
immobilization of plutonium. Nevertheless, considerable progress has recently been made in
identifying suitable glass and ceramic materials as well as processing approaches. These studies
have shown that plutonium can be immobilized and that practical processing appears to be
feasible. Specifications for immobilization have not yet been established. There is a general
understanding that leach rates in a repository environment must be acceptable and that a radiation
field that would be lethal to a potential terrorist must be present until repository employment to
assure the plutonium cannot be readily extracted but considerably more work must be conducted
to establish the needed specifications. It is hoped that as these studies progress to an extent
suitable to justify investment of significant funds, a pilot plant or prototype processing facility
can be established. Some technologies presented by our Russian colleagues are very interesting
and may provide significant advantages.

The last part of the workshop was devoted to discussion of some issues associated with the
possible eventual entombment of immobilized forms in a geological repository. Safeguards and
security, with particular emphasis on retrievability was discussed. This discussion was important
because, if the end goal is to render the excess plutonium not suitable for subsequent weapons
use, then retrieval from a mined geological repository must be less attractive than alternative
means of obtaining plutonium for weapons use.

In summary, this conference was very useful because it served as a forum for discussion of
technologies and technological issues associated with the overall process of converting excess
weapons plutonium in its current form to a form that is no longer suitable for subsequent
weapons use. Important programmatic interfaces were identified and progress was made in
international cooperation on this crucial issue.
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Introductory Session Opening Remarks
Jill Lytle, US DOE Office of Environmental Management

I am Jill Lytle and I am the Deputy Assistant Secretary for Nuclear Materials and Facilities
Stabilization in the Department of Energy. I want to welcome all of you to this Plutonium
Stabilization & Immobilization Workshop.

The purpose of the meeting is to foster communications within the technical community on
issues surrounding both the stabilization and immobilization of the Department’s surplus
plutonium and plutonium-contaminated waste. This is a technical meeting, not a policy meeting.
Since the Office of Material Disposition in the Department, is preparing a programmatic
environmental impact statement, the Department and its contractors are necessarily constrained
on discussing a preference for one technology over another for immobilization. However, 1
believe we can discuss the technical issues thoroughly about each of the technologies. We tried
to design the workshop to have a very productive technical discussion. What I'd like to do is just
briefly review the outline of the plenary sessions. These are the topics we are going to be
covering in the plenary sessions today, tomorrow, and Thursday. '

I want to mention that these plenary sessions will be audio taped so that we will be able to have
the benefit of a translation.

Second, I would like to show you the outline of the breakout sessions. These are the various
specific topics that we will be doing in breakout sessions. Before we go on with our main
meeting, I would like to ask Elaine Powell, however, to come up and give you some logistics
information.
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Introductory Session:
Plutonium Stabilization and Immobilization Workshop Objectives

Thomas P. Grumbly
Assistant Secretary for Environmental Management

INTRODUCTION

Good Mormning. Thank you all for coming to this workshop on the stabilization and
immobilization of the Department s surplus plutonium and plutonium-contaminated materials. I
would like to extend a special welcome to our Russian friends who have made such a long trek to
attend this workshop. Ithink your participation speaks exceptionally well of the kind of
cooperation required between our two nations to bssist each other in the profoundly vexing
problems of dealing with plutonium, to invest in better solutions to common problems. I
understand that we also have people here from other countries including Australia, France and
Germany. And we thank you for participating.

It is precisely this theme of cooperation and teamwork that I hope permeates the next three days
at this workshop and beyond. Henry Ford had a formula for it: Coming together is a beginning;
keeping together is progress; working together is success. Today, we have come together to
work on these issues, although it did take much longer than I envisioned when we committed to
conducting such a meeting. For plutonium stabilization and immobilization, we are at steps two
and three in Mr. Ford s formula: progress and success is dialogue and working together.

Purpose of the Workshop

During this workshop, I hope that the scientific community can achieve a meaningful dialogue
on the scientific issues and technologies for the stabilization and immobilization of surplus
plutonium and plutonium contaminated waste. There has been a great deal of public discussion
and debate on policy questions involving plutonium stabilization and immobilization. That is
not why we have gathered here today. We have structured this workshop so we can have a
productive technical not policy discussion about the various plutonium-related technical issues
and technologies. And I believe this forum will build 2 common understanding of the
performance, economics, and maturity of stabilization and immobilization technologies.

As many of you know, this workshop was originally intended to focus on vitrification and other
immobilization options. We quickly broadened the focus to include both Immobilization and
Stabilization. Immobilization is our word for a range of technologies, including vitrification,
that we can use to meet the spent fuel standard for the disposition of surplus plutonium.
Stabilization is more about preparing plutonium scrap and residues for storage until final
disposition can take place. We felt it was important to include the aspect of stabilization that
must interface with the long term activities of immobilization. The stabilization activities are the
near term activities that Environmental Management is conducting to address to address the more
immediate safety problems such as repackaging Plutonium Metal and placing our liquid waste
into a safer configuration. :

All of us at DOE are trying to make the best technology choices for stabilizing and
dispositioning plutonium and plutonium-contaminated materials. Mr. Greg Rudy, Director of the
Office of Fissile Materials Disposition, will outline the process being used to evaluate the
reasonable disposition alternatives against the disposition criteria. My colleagues are doing a
wonderful job at answering some tough questions, and we re making similar progress against the
plutonium stabilization problems. However, our choices are limited by history. Since DOE has
never before wanted or needed to stabilize, immobilize or otherwise disposition plutonium, we
have never made an effort to develop the technologies to do it. We can do a lot to piggyback
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onto technologies developed for other uses, but the sad fact is that innovative ideas like
immobilization have not had the benefit of decades of research, development and demonstration.
That is one reason why we sponsored this workshop: to help strengthen the technical side of what
may be some very attractive policy options, and to try, if we can, to level the playing field.

This conference comes at a propitious moment in this historic transition from plutonium
extraction to plutonium stabilization emphasis. As you know, the Department is currently
preparing an EIS on plutonium disposition. Whether or not direct immobilization is chosen in
that EIS for the bulk of plutonium, it is clear that more research in this area will be needed
because of the other forms of plutonium such as sesidues, which will need stabilization. As
many of you know, Senator Helms last week agreed to allow the START II treaty to be voted on
in the Senate where we are expecting ratification. This treaty, initially signed by a previous
administration, would dramatically reduce the size of the nuclear weapons arsenal. This action
simply codifies the reality of the end of the Cold War.

So we are poised at the brink of a new era. This new era challenges us to think in new ways, act
in new ways, and to develop new tools to help in these endeavors. During the Cold War we
valued separated pure plutonium, and we developed extraordinary machines to help us do this.
We built some of the largest industrial operations the world has ever known, resulting in some of
the most daunting environmental challenges we have ever grappled with. Now our national
priority has turned from the purity of the plutonium to the safety and the proliferation resistance
of plutonium. The National Academy of Science has set the benchmark that has been well
accepted now -the spent fuel standards -- for nonproliferation. We now need a similar standard
for the safety of plutonium. Perhaps this and other workshops will contribute to fulfilling that
ambition.

I don t expect this workshop will be able to resolve or even fully address all the technical issues
facing us. I do hope, however, that we today are starting a process for resolving the issues, and
that there will be other technical workshops in the future. We need to understand how the various
aspects of plutonium storage, treatment, and disposal fit together. We need to gain an
understanding of the risks and benefits of various technologies. While the focus is on technical
aspects of our program, I want to assure you that we fully appreciate the need to consider non-
technical aspects of acceptance of technology and have tried to encourage interaction with
stakeholders and regulators. To provide some perspective on plutonium, let me briefly give
some background. ?

Background: Long Term vs. Short Term

Plutonium began as, and has remained, a controversial subject. When it was first discovered,
right after the discovery of the element Neptunium, it seemed appropriate to name it after the
next planet, Pluto. Pll]hto was the Roman God of the underworld, but the name comes from the
Greek word ploutos, which means wealth. Clearly, the scientists working on the Manhattan
project appreciated the double meaning of Pu. One can see that, even before the first nuclear
chain reaction was achieved, there has been tension between the energy value of nuclear power
and the destructive potential of nuclear weapons.

Plutonium has done its first job-- nuclear weapons were built to help keep the peace in the post-
World War II era-- but now, to assure peace, safety, and national security for decades (even
centuries) to come, we need to earnestly debate and discuss what to do with it. In the short
term, we need to stabilize these fissile materials and ensure adequate physical security against
terrorist theft or sabotage, safeguards against proliferation, and protection against environmental
and health risks, such'as those outlined in Defense Nuclear Facilities Safety Board
Recommendation 94-1. This is the responsibility of the Office of Environmental Management.
Over the long term, we need viable disposition. In a rough division of labor, that is the
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responsibility of the Office of Fissile Materials Disposition. One can plainly see that the
cooperation between our offices needs to be absolutely exceptional.

The short term and long term issues associated with plutonium are inextricably linked-- they
have more of a 'chicken and egg' twist than some of our other problems. We have to establish a
sound long term protocol in order to make good short term decisions in stabilizing these
materials. But it will take us years to implement that long term policy, and we can't wait that
long to stabilize and safely store the plutonium bearing materials around the complex. Many of
them are in 'temporary' storage situations, at best; and the definition of 'temporary' has turned out
to be longer than was intended in many cases, so we have to act quickly to control urgent
environmental, safety and health risks. At the same time, we have to be careful that our short
term solutions don't work against viable long term options-- and through it all, we need to
coordinate our environmental, safety and health concerns with our nuclear nonproliferation
objectives. Ideally, it would be desirable to treat materials once and maximize the cost
effectiveness of all the operations throughout DOE. Thus, it is critical that we establish technical
understanding of the activities and bring together the researchers all around the Department to
insure that our efforts are coordinated.

So, acknowledging that we can't have totally separate discussions of short term versus long term,
and recognizing that in this whole area we have to be simultaneously pragmatic and visionary, I
hope that the technical discussions of the following sessions lead to a greater understanding of
and greater integration and focus between the long term and short term activities.

Where is it, Whose is it and What Form?

Let me give an rough overview of the different forms, locations, and ownership of the
Department s unclassified plutonium. Not counting classified amounts of plutonium at the
Pantex site, the Department currently has more than 33 metric tons of plutonium in various forms
at 13 'major sites' and 22 'other sites' throughout the complex. This plutonium falls into three
general categories: plutonium metal, in the form of pits, buttons and ingots; plutonium oxides,
either plutonium dioxide or plutonium trioxide of weapons grade specification; and plutonium
residues, defined as materials excess to the Department's needs that require significant processing
in order to separate the plutonium. These residues exist in both liquid and solid form, and
generally contain less than 28% plutonium.

The bureaucratic custodians of all of this material include:

Defense Prggran’lg, which is responsible for "strategic reserves" of plutonium, and for
nuclear warhead stockpile maintenance;

The Office of Fissile Materials Disposition, which is responsible for the Department's
technical and management activities to provide for the disposition of fissile materials
declared surplus to national defense; and

Environmental Management, which is responsible for plutonium-contaminated waste,
ranging from lightly dusted booties to heavily laden sludge. We are also responsible for
facilities. We operate many storage vaults for plutonium scrap, including hemishells
intended for pits. A single plutonium vault at Hanford costs $30 million per year to
maintain and keep secure. We are responsible for stabilization facilities, such as the F- and
H-Canyons at the.Savannah River Site, which contain considerable amounts of plutonium in
different forms.

"Who owns what" within the Department of Energy can be hard to keep track of at times. Let

me describe the responsibilities by describing the situation at three "EM landlord" sites, that.is
sites where the budget comes out of the Environmental Management account. These sites
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contain significant amounts of plutonium materials. At Rocky Flats, there are a total of about 13
metric tons of plutonium in the form of metals, plutonium oxides, and plutonium residues. At
Hanford, there are 4 metric tons of plutonium oxides in addition to 7.2 metric tons of reactor
fuels. During past transfers of responsibilities at various sites, the "ownership” of non-waste
special nuclear materials has remained with Defense Programs with the exception of the
plutonium residues at Rocky Flats. While Defense Programs continues to retain "iownership" of
these materials, it is in name only. Environmental Management is responsible for the buildings
the material is stored in as well as the security, inspection, stabilization, repackaging and
consolidation of these materials to provide safe and efficient storage. I hope this quick
background in plutonium sets the stage for more detailed discussions.

Workshop Papers

The agenda includes many good scientific papers, but it doesn t include all the papers you
volunteered to provide at the originally scheduled August workshop. It s simply an
embarrassment of riches. My announcement for this meeting and the call for papers resulted in
far greater interest than we had anticipated. I regret that we could not include all of the excellent
papers that were submitted. Due to time constraints, we had to make difficult decisions on the
use of papers that represented the principal thrusts of the science and policy advice that we are
receiving. I encourage all of you who prepared papers, whether or not you are presenting them at
this meeting, to seek out peer reviewed journals and have your papers circulated as widely as
possible to invite thought and discussion. How we dispose of these materials will be a science
and policy issue for years to come. The more discussion we encourage at the outset, the easier
our job will be in the long run.

CONCLUSION

This workshop is structured to help promote the exchange of information among the various
organizations. For the most part we 11 work in plenary sessions to maximize the exchange of
information across program lines. This introductory session is designed to provide an overview
of various activities within the Department, and external to the Department, to place the more
technical information into context. I want to thank Dr. Anderson, the head of the Russian
Delegation and Dr. Kushnikov, a member of this panel; Dr. Paul Leventhal from the Nuclear
Control Institute; Mr. Davis Hurt from the Defense Board; Mr. LeRoy Moore from the Rocky
Mountain Peace Center; Mr. Hank Dalton who heads the Department s Plutonium Stabilization
Task Force; and Dr. Iieonard Gray from Lawrence Livermore National Lab, for working with
Greg Rudy and my staff and participating in this workshop.

Let me repeat that we do not expect to resolve all the issues at this workshop. Many of them will
require additional study, and the Department must follow the NEPA process before we make
decisions. But this workshop should be a significant step in our journey towards the optimal
combination of intelligent and publicly acceptable behavior with respect indeed, with a lot of
respect! to Plutonium. :

To conclude, let me reaffirm my belief that principles of democracy can best be fulfilled by
providing opportunities such as this for exchange of technical information and working
cooperatively in solving complex problems. I recall what Thomas Jefferson said: I know of no
safe depository of the ultimate powers of society but the people themselves; and if we think them
not enlightened enough to exercise their control with a wholesome discretion, the remedy is not
to take it from them, but to inform their discretion. I thank you for attending. I trust that as we
listen to each other, we will be better informed; and that as we become better informed, our
behavior will steadily approach the ideal of wholesome discretion.

DISCLAIMER ’

The views expressed in this paper are those of the author and do not necessarily reflect any
views, proposed actions, or decisions of the United States Government or any agency thereof.
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Overview of Surplus Weapbns Plutonium Disposition

Greg Rudy
Acting Director
Office of Fissile Materials Disposition

Thank you, and good morning. The safe disposition of surplus weapons useable plutonium is a
very important and urgent task with profound environmental, national and international security
implications. We can all be proud to be a part of a group of concerned and capable professionals
that are working to contribute to success in reducing the global nuclear danger.

By way of quick background, the end of the Cold War, Presidential Policy Directive 13, and
various thoughtful analyses by renown scientific, technical and international policy organizations
have brought about a focused effort within the Department to identify and implement paths
forward for the long term storage and disposition of surplus weapons useable highly enriched
uranium and plutonium.

Within the Department, the organizational focus on this issue was started in early 1994 by the
Secretary’s formation of a small cross-cutting project organization. Subsequently, in October,
1994, a permanent office was formed by statute, reflecting the importance that Congress places
on this task.

While the functions of long-term storage and disposition directly relate to the Department’s
weapons program and the environmental management program, the focus of this effort is
particularly national security and nonproliferation. In the very near term, additional specific
information on the quantities, forms and locations of the surplus highly enriched uranium and
plutonium will be declassified and made publicly available. In the interim, the figure below
provides a summary breakdown of the surplus plutonium inventories being addressed by the
Department.

As we move forward in our efforts to evaluate technologies for disposition of the surplus
plutonium, we are also working jointly with Russian counterparts on a joint study of plutonium
disposition options. This joint study, initiated by President’s Clinton and Yeltsin in 1994, will
provide a consistent comparison of a range of technology options for plutonium disposition. It
will address nuclear nonproliferation, safety, environmental, technical and economic factors. It
is important to note that the particular technology paths eventually chosen by the United States
and Russia need not be necessarily identical. The central, overarching goal is to render surplus
weapons plutonium as inaccessible and unattractive for reuse in nuclear weapons, as the much
larger and growing stock of plutonium contained in civilian spent reactor fuel. The technoldgy
options under study will be evaluated against a set of common criteria. I'll briefly discuss some
of the criteria a bit later.
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The joint study is well underway and the working groups recently completed a productive
meeting in Oak Ridge last week. Follow-on meetings are planned for January and the final joint
study effort should be completed this coming summer.

1/3

Stabilization
Efforts

T Dispusien
sl UEMerts

Nominal 50 Metric Tons Planning Basis

Figure 1: Of the nominal 50 MT plutonium declared surplus, 1"ough1y one-third requires some
stabilization to address near-term health and safety concerns. Some of that stabilized plutonium
will join the remaining two-thirds of stable plutonium forms in safe, secure storage until

disposition efforts commence.

Our efforts to arrive at a decision for the disposition of surplus U.S. plutonium include
environmental analyses, as required by the National Environmental Policy Act, and technical,
schedule, cost and policy considerations. As part of this decision process, the Department
participates in the Interagency Working Group on Plutonium Disposition that is co-chaired by
the President's Office of Science and Technology Policy and the National Security Council.
Taken together, the environmental and technical, schedule, cost, and nonproliferation policy
analyses will enable a tecord of decision on the long-term storage and disposition of surplus
weapons useable plutonium late next year.

We started this process in mid 1994 with a Notice of Intent to prepare a Programmatic
Environmental Impact Statement (PEIS) on the Long-term Storage and Disposition of Surplus
Plutonium. This was followed by a series of public scoping meetings late last year and separate
technical information sessions. At the start, there were some 37 technology options, many with
aumerous subsets or variants. Later in the course of this workshop, Leonard Grey of LLNL will
be talking about many of the 70+ vitrification variants initially identified within the
immobilization family of options.
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During the scoping sessions, we received public and industry comment on a set of criteria against
which the various technology options would be initially screened to determine those most
appropriate for further review. The criteria are similar to those from the National Academy of
Sciences Report:

Resistance to theft or diversion by unauthorized parties

Resistance to retrieval, extraction, and reuse by the host nation
Technical viability

Environmental, safety and health compliance

Cost effectiveness

Timeliness

Fostering progress and cooperation with Russia and other countries
Public and institutional acceptance

Based on an assessment of the options against these criteria, we have arrived at the following
core set of technology options for surplus plutonium disposition:

» Immobilization options in which plutonium is emplaced in glass, ceramic or glass-bonded
zeolite waste forms.

o Reactors options in which surplus plutonium is fabricated into mixed-oxide fuel for use in
domestic or Canadian nuclear reactors.

» Deep geologic disposal options in which plutonium in an appropriate form would be
emplaced in a deep borehole (roughly 2 - 4 km deep) and sealed for isolation from the
accessible environment.

We are currently scheduled to publish the Draft PEIS for long-term storage and plutonium
disposition early in 1996 and host another series of public meetings. In parallel, during FY 1996,
we are performing R&D and we are planning limited technical demonstrations on the various
disposition technology options. Our efforts in these regards include close coordination with Tom
Grumbly’s office, the field activities and National Labs. An example of a planned demonstration
that is most germane to this workshop, is the planned demonstration next week, of a cold test of
the “can-in-canister” concept for plutonium disposition utilizing the Defense Waste Processing
Facility at Savannah River. One of the sessions tomorrow will be addressing this idea. This
"can-in-canister" demonstration is not only an example of how we work together within the :
Department, but also how we can remain open to suggestions and ideas from our stakeholders.

I am confident that much will be learned and shared during this workshop on the scientific issues
and technologies for stabilization and immobilization of surplus plutonium. As Tom noted in his
introductory comments, “ Progress and success is dialogue and working together”. Thank you
for contributing to progress and success in this important effort.

DISCLAIMER
The views expressed in this paper are those of the author and do not necessarily reflect any
views, proposed actions, or decisions of the United States Government or any agency thereof.
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Radioactive Waste Management and Plutonium Recovery
Within the Context of the Development of Nuclear Energy in Russia

Viktor Kushnikov
Deputy Director
V. G. Khlopin Radium Institute
2nd Murinski Avenue, 28
194021 St. Petersburg, Russia

The Russian strategy for radioactive waste and plutonium management is based on the concept of
the closed fuel cycle that has been adopted in Russia and, to a great degree, falls under the
jurisdiction of the existing Russian nuclear energy structures.

From its very beginninig, Russian atomic energy policy was based on finding the most effective
method of developing the new fuel direction with the maximum possible utilization of the energy
potential from the fission of heavy atoms and the achievement of fuel self-sufficiency through
the recycling of secondary fuel. This also guided Russia’s choice between the available options,
the reprocessing of spent fuel from nuclear power plants (the “closed” cycle) and the burial of
spent fuel without reprocessing (the “open” cycle).

Although there can be no doubt about the importance of economic considerations (for the future),
concerns for the safety of the environment are currently of the utmost importance. In this
context, spent NPP fuel can be viewed as a waste to be buried only if there is persuasive evidence
that such an approach is both economically and environmentally sound.

The production of I GW of energy per year is accompanied by the accumulation of up to 800 -
1000 kg of highly radioactive fission products and approximately 250 kg of plutonium.
Currently, spent fuel from the VVER 100 and the RBMK reactors contains approximately 25
tons of plutonium. There is an additional 30 tons of fuel-grade plutonium in the form of purified
oxide, separated from spent fuels used in VVER 440 reactors and other power production
facilities, as well as approximately 100 tons of weapons-grade plutonium from dismantled
warheads. The spent fuel accumulates significant amounts of small actinoids - neptunium,
americium, and curium. Science and technology have not yet found technical solutions for safe
and secure burial of non-reprocessed spent fuel with such a broad range of products, which are
typically highly radioactive and will continue to pose a threat for hundreds of thousands of years.

Figure 1 shows the current situation and near term development plans for the nuclear fuel cycle
in Russia.
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Implementation of the closed fuel cycle approach to nuclear energy was begun with the start up
of the first Russian regenerating facility (1997, Mayak production facility in Chelaybinsk). This
plant (RT-1) is a multipurpose facility for the regeneration of spent fuel from VVER 440
reactors, from BN 350 and BN 600 fast breeder reactors, as well as spent fuel from reactors and
propulsion systems on icebreakers, submarines, and research reactors. The capacity of the plant
for the regeneration of the primary fuel to be reprocessed at this plant, the spent fuel from the
VVER 440 reactors, is 400 tons per year. This means that the plant has the capacity to
regenerate fuels not only from Russian reactors, but from reactors of the same type in other
countries. So far the plant has processed approximately 3000 toas of spent fuel. The recycling
of regenerated uranium (conditioning of the fuel for U-235 content is done by mixing) for use in
fuel for RBMK and production reactors was begun in 1980, and shortly afterwards a pilot scale
program was started for the BN and VVER reactors.

Construction has begun on a new radiochemical plant, the RT-2 complex, which will begin
operations in the Krasnoyarsk region. Upon completion of the first phase of the project (plant
operations are slated to begin before 2005), the facility will have the capacity to regenerate 1500
tons of spent fuel per year. The already completed storage pond at the new facility contains 1100
tons of spent fuel from VVER 1000 reactors, while another 1000 tons of spent fuel is currently
stored at the NPP sites. The spent fuel from the RBMK 1000 and RBMK 1500 reactors is also in
interim storage at the NPP storage sites. There are existing regulations governing the long-term
(decades) monitored storage of spent fuel.

The guiding principle for the management of radioactive waste from the nuclear fuel cycle is to
provide for the isolation of the radioactive waste from the biosphere for the total period that it
presents a threat to the environment.

The program of the Russian Federation for radioactive waste and nuclear material management is
directed at providing a comprehensive solution. It includes the development of the appropriate
legislative and normative basis for regulating radioactive waste management, the development of
corresponding technologies, and technical means for the collection, reprocessing, interim storage,
recovery and transportation of radioactive waste and spent nuclear materials, as well as the
creation of facilities for the assured isolation of these materials from the biosphere during long-
term storage and burial.

At the beginning of the nuclear age, the operation of nuclear facilities was accompanied by a
“passive” period of accumulation and temporary storage of waste products.
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The production of weapons grade nuclear materials at the Mayak production facility, the Siberian
Chemical Complex, and the Chemical Mining Facility of Minatom has resulted in the
accumulation of radioactive waste with approximately 1.3 billion cu. Approximately 250,000 m*
of liquid radloactlve waste with 570 million cu is held in special storage tanks, while another 400
million m* with 700 million cu is stored in open ponds and special pools. Surface plant storage
facilities contain radionuclide contaminated materials, equipment, and structures with total
radioactivity levels of 12 billion cu.

At the present time, affer completion of extensive research and development activities, the
nuclear complex facilities have begun the reprocessing and conditioning of accumulated waste
for its final burial.

The reprocessmg of liquid radioactive waste, especially high level liquid waste, is a complex and
costly process Consequently, at a reprocessing plant the relatively small volume of high level
waste (5m /t of spent fuel for reprocessing) contains more than 99% of the radioactivity of the
spent fuel. Regardless of the level of radioactivity, the general approach to liquid waste
processing is in the direction of its solidification, which is closest to the concept of safe burial
(see Figure 2, schematic diagram for liquid radjoactive waste management at the RT-1 facility).

Research in solidification of liquid radioactive waste began in Russia in the fifties. The first
large-scale samples of vitrified high level waste were produced in 1959. The first pilot
vitrification plant began operating at Mayak at the RT-1 site in 1987. The technology was based
on a direct heating electrical furnace that produces phosphate glass.

The vitrification plant processed over 9100 m’ of high level liquid waste, producing more than
1800 tons of phosphate glass containing approximately 220 million cu. A second production line
for vitrification is currently under construction. At the same time, we are pursuing the
development of alternative solidification technologies for high level waste based on a two-stage
process. A pilot facility for this technology is under construction. It will use an induction melter
with a cold crucible for the immobilization of radionuclides on glass and mineral type matrices.

Vitrified waste is placed in special facilities for safe storage until a final decision is made on its
burial in geological formations.

Research is also continuing in the area of matrix material characteristics (glass and mineral type
materials for radioactive waste immobilization), in our search for matrices with greater chemical,
thermal and radiation stability than phosphate glass.

A series of investigations is being conducted to determine the behavior of vitrified radioactive
waste under long-term storage and burial conditions. These studies allow us to determine the
processes that take place when vitrified waste comes in contact with a specific geological
environment and to develop requirements for environmentally safe management of waste.
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Construction is under way of a facility for the vitrification of medium and low level waste. The
completion of this facility will make it possible to solidify all types of radioactive waste at the
RT-1 site.

The RT-1 vitrification plant immobilizes all radionuclides with the exception of plutonium,
uranium and to some extent neptunium, including highly radioactive actinoids and other
components, on phosphate glass. Research and development in high level waste separation is
also very promising because separation technologies would make it possible to separate the
radionuclides in the solutions of the reprocessing facilities taking into account such factors as
their half-life, toxicity, as well as the possibility for further utilization of some radionuclides.

Perfection of such technologies will make it possible to choose the optimum and most reliable
approach: “incineration”, nuclear transmutation in fast reactors or in special electro-nuclear
facilities of some radionuclides, while others would be placed in monitored long-term storage
and still others could be buried. These promising directions are presented in Figure 3.

Burial of highly radioactive waste requires isolation for hundreds and thousands of years, will be
in deep geological formations, in thick rock with low permeability below the level of active
water-exchange, in regions of tectonic stability and low seismic activity for the total time that the
waste poses a threat. The presence of all possible dangerous biological components will also-be
taken into account.

In accordance with current plans, by the year 2000 approximately 3 billion curies of radioactive
components will be converted into forms that satisfy safety criteria for storage and burial.

The handling of plutonium, its production, separation, storage and utilization, requires the
resolution of a very complex series of problems. All of these issues - the utilization of
plutonium for nuclear energy production, the further development of the mixed uranium-
plutonium fuel cycle and the associated technologies, the role of fast and thermal-neutron
reactors and other aspects of plutonium utilization, are intensively studied at the Ministry
facilities (the All-Russian Research Institute of Mechanical Engineering, the Institute of Physics
and Energy, the Mayak Production Facility, the All-Russian Research Institute for Atomic
Reactors, and others).

Research and pilot programs on the utilization of plutonium for energy production and in
particular in fast breeder reactors began in the fifties. In the sixties, pilot research reactor cores -
BR-5, IBR-2, IBR-30 - as well as experimental fuel assemblies for the BOR-60 reactor were
created. The scope of research increased significantly in the 80°s. Pilot plants at the Mayak
facility, working with different technologies, manufacture uranium-plutonium fuel as well as
full-scale fuel assemblies for testing in the BN-350 and BN-600 reactors.

In Obninsk at the Institute of Physics and Energy, tests have been completed on two cores in the

fast breeder BR-10 reactor. The plutonium dioxide fuel was manufactured from weapons-grade
plutonium.
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The BOR-60 research reactor (at the Research Institute for Atomic Reactors in Dimitrovgrad)
was used to test and analyze large batches of fuel elements made from uranium-plutonium oxides
with different plutonium isotope compositions, manufactured with different technologies. This
reactor has been operating for an extended period of time with plutonium fuel (80% Pu-239 and
20% Pu-240).

Tests have been completed of the pilot BN-350 reactor and were followed by research and
experiments of chemical reprocessing of mixed U-Pu fuel manufactured from weapons-grade
materials. Over 2000 fuel elements of the U-Pu type have been manufactured and tested in the
BN-350 and BN-600 reactors. Not one of the fuel elements failed with burn-out reaching 10%,
with heat release rates of 490 W/cm and cladding temperatures of 690°C.

The base design for the fast breeder production reactor is the BN 800. There are plans for the
construction of a nuclear power complex in the Urals with 3 to 4 fast breeder reactors of this
type. The BN 800 design has gone through all required expert analysis, including an economic
assessment, and approval has been given by the local regional authorities. The design calls for
an initial fueling of 2.3 tons of plutonium with yearly replenishment of 1.6 tons of plutonium. In
support of the fast breeder reactor programs, there are plans for the construction at the Mayak
production facility of a special plant for the manufacture of uranium-plutonium fuel (plant 300)
with a production capacity of 900 fuel assemblies per year. Financial problems have led to a
stoppage of construction at the plant, with work completed to 50%. This is also the reason for
the slow pace of construction of reactors at the Chelyabinsk and Beloyarsk sites.

Against this background of encountered difficulties, work, is proceeding on fast reactors at small
pilot production facilities for the manufacture of new fuel elements and assemblies (the “Granat”
and “Paket” facilities, the Mayak production facility and the Scientific Research Institute for
Nuclear Reactors) with an increase in the scope of tests conducted and the utilization U-Pu fuel
in the BN 600 reactors. Efforts are also being made to continue construction of the BN 800
reactors and plant “300” (and this could be of interest to foreign investors) so that the fast
reactors would be ready for large scale utilization of the plutonium for energy production by the
beginning of the next decade.

A complex program on U-Pu fuel development falls within the overall program for utilizing
plutonium in fast reactors. However, this does not preclude the possibility of plutonium
utilization in light water reactors. We have been conducting research and development in this
area from the beginning of the decade. This particular program is designed to recycle plutonium
from regenerated VVER 1000 spent fuel and is based at the RT-2 facility.

The new problems that have arisen as a result of arms reduction programs are treated within the
context of the conversion of weapons-grade materials for use in energy production. However, it
is proposed that the utilization of weapons-grade plutonium in the fuel cycle of fast and thermal
reactors would for the most part not begin till the existing supplies of fuel-grade plutonium are
exhausted. The priority tasks in this area are those dealing with the removal of materials from
warheads and safe storage of spent nuclear materials, as well as demonstrating the feasibility of
converting weapons-grade plutonium for use in the fuel cycle.
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Immobilization of plutonium in glass and mineral type materials, in accordance with standards
set for spent fuel, is one of the possible options for conversion of weapons-grade materials. This
is one of the directions that needs be pursued in the area of handling highly radioactive waste,
which has unique aspects because of the increased concentrations of fissile materials in the end
product. The question of safety during the processing of weapons-grade plutonium for the
immobilization of the materials on glass or mineral type matrices is one of the main areas to be
pursued and requires detailed investigations. In order to be able to determine the feasibility of
applying such technologies for the conversion of weapons-grade plutonium, research should be
conducted on the following questions:

o the acceptability of existing equipment and technology for the vitrification of liquid highly
radioactive waste for the virtification of weapons grade plutonium; analyses and
measurement of the process parameters, as well as the equipment, must be carried out for the
purpose of increasing safety and reliability; '

e the amount of plutonium that can be safely immobilized in glass type materials without
changing the physio-chemical properties and structure of the material with the eventual goal
of burial;

e development of requirements for physical safety barriers at all stages of the technological
process for the immobilization of plutonium; :

e determination of the amount of other radionuclides that could and must be included in the
glass so that it satisfies standards set for spent fuel;

e determination of the geometric configurations of the vitrified products, the packaging
requirements,and development of transportation containers for the transfer of the vitrified
materials for burial;

e investigation of safety from the standpoint of criticality at all stages of the vitrification
process for weapons grade plutonium, including packaging, temporary storage and transfer
for burial;

e investigation of long-term safety issues in order to determine whether in some distant future
criticality problems could arise at the plutonium burial sites;

e development of physical measurement techniques for monitoring plutonium content in the
containers; development of an MPC&A system; and development of safeguards for the non-

proliferation of plutonium at all stages of the immobilization process and burial;

e analysis of all issues connected to burial sites selection, design and construction;
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e assessment, analysis and regulation of safety at all stages of the immobilization process for
weapons-grade plutonium, including the development of licensing procedures for such
technologies;

 development of the normative documentation for regulating the handling of vitrified products
that contain significant concentrations of fissile materials.

The search for answers,to questions dealing with the handling of spent fuel, plutonium and
radioactive wastes is guided by a single principle, i.e., to provide for maximum safety at all
stages of the nuclear fuel cycle, in accordance with a special program developed for this industry.
Our many years of experience in operating nuclear facilities and the fact that the industry has
highly qualified scientific and technical personnel gives us confidence that we can maintain '
acceptable levels of safety (nuclear, fire, explosion) and provide constant surveillance to monitor
all deviations in accordance with international criteria.

DISCLAIMER
The views expressed in this paper are those of the author(s) and do not necessarily reflect any
biases, proposed actions, or decisions of the United States Government or any agency thereof.
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SCHEMATIC DIAGRAM OF THE RUSSIAN NUCLEAR FUEL CYCLE
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PROPOSED REPROCESSING DIAGRAM FOR WEAPONS GRADE
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Progress on Plutonium Stabilization

Davis Hurt *
Technical Staff
Defense Nuclear Facilities Safety Board
625 Indiana Avenue, NW
Washington, DC 20004

INTRODUCTION

The Defense Nuclear Facilities Safety Board has safety oversight responsibility for most of the
facilities where unstable forms of plutonium are being processed and packaged for interim
storage. The Board has issued recommendations on plutonium stabilization and has had a
considerable influence on DOE's stabilization schedules and priorities. The Board has not made
any recommendations on long-term plutonium disposition, although it may get more involved in
the future if DOE develops plans to use defense nuclear facilities for disposition activities.

POSITIVE DEVELOPMENTS

There has been significant improvement in DOE's plutonium stabilization programs over the last
two years. Two years ago the Board was coming to the conclusion that there were significant
safety risks posed by surplus plutonium stored in unstable forms or inappropriate containers at
several DOE facilities.! By early 1994, the Board decided that an official recommendation was
warranted, and the result was Recommendation 94-1, which called for specific timetables for
stabilizing surplus nuclear materials within the Weapons Complex.2 The Board recommended
that DOE assign high priority to stabilization programs for the most hazardous plutonium
materials, such as unstable residues at Rocky Flats, tanks of solutions at Rocky Flats and the
Savannah River Site, and plutonium metal packaged in close proximity to plastic, which turned
out to be a problem mainly at Rocky Flats. The recommendation included timetables for
processing or otherwise stabilizing those materials, as well as spent fuel at the Savannah River
Site and Hanford.

The Board had concluded in 1994 that many DOE managers did not recognize the seriousness
and immediacy of the stabilization problems. There has been considerable improvement in that
respect since the recommendation was issued. In late 1994 DOE completed a large-scale study,
popularly known as the Plutonium Vulnerability Study, of plutonium safety within the Complex.
The Vulnerability Study came to the same conglusions as the Board regarding the seriousness of
risks posed by unstable plutonium inventories.3 The Study agreed that Rocky Flats is the site
with the most severe plutonium storage problems, and that there are serious problems at other
sites as well. All parties now agree that the situation requires intense, near-term corrective
action. i

The Secretary of Energy accepted Recommendation 94-1 and appointed a task force to prepare
an Implementation Plan. It took several months, but a good Implementation Plan was eventually
developed. The 94-1 Implementation Plan sets specific milestones for stabilization of all the
materials cited in Recommendation 94-1, plus some related types of materials not named by the
Board. The Plan is a serious commitment by DOE to make rapid, measurable progress on
stabilizing these materials.

*I‘he views expressed in this paper are those of the author and do not necessarily reflect any
views, proposed actions, or decisions of the Defense Nuclear Facilities Safety Board or any other
governiment agency.
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The Assistant Secretary for Environmental Management has responsibility for the majority of the
programs involved in implementation of Recommendation 94-1. During the first year and a half
of the recommendation's life, the Assistant Secretary has consistently provided the funding and
institutional support needed to begin the stabilization programs. The aggressive programs called
for in the recommendation have had a big impact on previously established DOE programs, and
only strong support from the Assistant Secretary and the efforts of DOE's Nuclear Materials
Stabilization Task Group have made it possible for this ambitious program to get off to a strong
start in most areas.

There is generally a high level of enthusiasm at the plutonium sites for the Recommendation 94-
1 stabilization program. Most of the scientists and engineers at the plutonium sites are as
concerned as the Board about the safety of unstable or poorly packaged plutonium, spent fuel,
and other hazardous materials. Responsible people in the technical community are eager to
accelerate the stabilization work, and are confident that it can be done safely and effectively.
There has, of course, been a significant loss of experienced workers at the sites. While thatisa
general source of concern to the Board, it does not appear to be a limiting factor for 94-1
programs. There are still personnel at plutonium sites with the experience and technical
expertise to conduct the 94-1 stabilization work if adequate funding and necessary authorizations
are made available.

STANDARDS

There is a new DOE standard for plutonium storage with important implications for
Recommendation 94-1, and plutonium stabilization in general.# The Board has a statutory
obligation to review all DOE safety standards. In light of its importance to Recommendation 94-
1, the Board has taken a particular interest in the plutonium metal-and-oxide storage standard. It
would be difficult to make progress in stabilization, or even to agree on what constitutes
progress, without defining forms of plutonium and types of packages that can be stored for long
periods with little need for remedial action. The new standard for safe 50-year storage of
plutonium metals and oxides provides that definition.

DOE is scheduled to issue another plutonium standard, covering 20-year storage of plutonium
residues and low-grade oxides. The merits of that standard are somewhat more debatable. On
the one hand, it may be necessary to store some residues for several years, and there is no
standard now that covers residue storage, so the new standard should fill a gap. On the other
hand, it would probably be best for long-term safety to process most residues to remove
plutonium and other actinides. Then the separated plutonium, which need not be highly pure,
could be stored in accordance with the metal-and-oxide storage standard, and the mostly-
plutonium-free residual material could be stored or disposed as radioactive waste. The ideal
course of action would be to use a process that would produce a residual material with
sufficiently low actinide concentrations to qualify as a low-level waste. There are processes
available for treating pyrochemical salt residues that could achieve such effective separation.
Even if a high degree of separation is not possible in all cases, removal of most of the plutonium
and other alpha-emitters will greatly reduce the radiation-driven evolution of gases and unstable
radiolysis products, making the residual waste material easier and safer to store. '

PROBLEM AREAS

This touches on a general problem. The plutonium that needs stabilizing is all part of the
approximately 50 metric tons that have been declared surplus to the country's needs. There is no
identified need at present for this plutonium; it has no assignable value in any conventional
sense. Why incur the expense of plutonium separation when the plutonium is by current
definition a waste material?
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The answer is that plutonium is generally safer to store in a pure form than when mixed with
other materials. Plutonium weapon components, which are basically pure metal, have been
stored safely for decades, and a great deal is known about how to prepare and package plutonium
metal for long-term stability in storage. The behavior of purified plutonium oxide in long-term
storage is not quite as well understood, but there is still a fairly substantial base of experience.6
The general consensus of the technical community is that plutonium oxide can be safely stored
for long periods if it is stabilized at a high temperature, certified to be free of potentially volatile
contaminants, and stored in very robust containers.d

With plutonium residues, which are mixtures of plutonium with many other substances, there is
little long-term storage experience, and what there is is problematic.>3 Off-gassing, corrosion
of containers, and radiation-driven formation of reactive compounds are serious risks if residues
are stored in unseparated form. The better approach, even if initial expense is greater, would be
to remove most of the plutonium from the residue, store the plutonitim as a relatively pure metal
or oxide, and dispose of the contaminated leftovers as transuranic or low-level waste.

A substantial amount of processing will have to be done for residues, and it will mostly have to
be done in old facilities. That raises a host of problems. It is not easy to restart old processing
facilities that have been allowed to atrophy; it is not easy to make old equipment work correctly;
it is not easy to find enough trained workers to operate old facilities safely; it is not easy to meet
modern standards of safety analysis for these plants. But old facilities are all DOE has, with one
or two exceptions, and it is unlikely that new facilities can be built in the required time. The old
facilities must be used if the surplus materials are to be placed in safe, storable forms. One
reason for issuing Recommendation 94-1, which urged DOE to move much faster on
stabilization, was that the old facilities are continuing to age, and will be even more difficult to
use in the future than they are now.

This bears on an important part of Recommendation 94-1 that is sometimes overlooked: the
need to maintain facilities in operable condition until all surplus materials are stabilized.
Premature shutdown of facilities can have severe consequences. Between 1989 and 1994, Rocky
Flats lost a great deal of processing capability through failure to maintain facilities and retain
skilled workers. Capabilities were lost before theifull extent of the site's plutonium stabilization
needs was widely appreciated, leading to the very difficult situation Rocky Flats faces today.
Badly deteriorated process lines now have to be restarted as quickly as possible for short
stabilization processing campaigns. DOE also shut down some facilities at Hanford and the
Savannah River Site without taking inventories of unstable plutonium materials into proper
account.

The Board has urged DOE not to make a hasty decision on shutting down either of the
reprocessing canyons at the Savannah River Site. Stabilization facilities are rare commodities
today; when one is shut down, stabilization options for plutonium and other hazardous materials
may be significantly reduced. DOE's commitments under Recommendation 94-1 include
keeping in operable condition those facilities that may be needed for future stabilization work.
Which facilities are needed and what constitutes operable condition will certainly be debated for
many specific cases, but the basic commitment has been made and is binding on shutdown
decisions such as the one facing the Savannah River Site.
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CONCLUSIONS

DOE is laying sound plans for plutonium stabilization, and doing so with a more appropriate
sense of urgency than two or three years ago. Actual physical progress on stabilization has been
modest so far. Continued effort is needed to fund and execute the actual work. The goal is a
surplus plutonium inventory that is well-characterized, processed into stable forms, and correctly
packaged for long-term storage.

DISCLAIMER .

The views expressed in this paper are those of the author and do not necessarily reflect any
views, proposed actions, or decisions of the Defense Nuclear Facilities Safety Board or any other
government agency.
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Vitrification of Plutonium at Rocky Flats
The Argument for a Pilot Plant

LeRoy Moore, Ph.D.
Rocky Mountain Peace Center
P. O. Box 1156, Boulder CO 80306

ABSTRACT

The local danger posed by large quantities of plutonium at Rocky Flats and the global threat of theft or
diversion of plutonium and thus of further nuclear weapons proliferation can both be addressed by
vitrification of plutonium. Current plans for stabilizing and storing the plutonium at Rocky Flats fail to
put the material in a form suitable for disposition and resistant to proliferation. Vitrification should be
considered as an alternate technology. To resolve questions regarding the viability of this technology,
plutonium vitrification at Rocky Flats should begin with a small-scale pilot plant. There are numerous
questions to which the public requires satisfactory answers before this technology can move to a larger
scale at Rocky Flats.

INTRODUCTION

The most serious danger to people who live in the vicinity of Rocky Flats stems from large quantities of
plutonium now stored on site in hazardous forms. This local danger -- one not limited to Rocky Flats --
is paralleled by global threats that some of the huge amounts of plutonium extant at various locations on
the planet may wind up as a global black market commodity leading to further proliferation of nuclear
weapons. Vitrification of plutonium could help alleviate both of these urgent problems.! My
presentation begins with a brief look at plutonium conditions at Rocky Flats, criticizes current plans for
resolving onsite problems, and proposes a pilot project for plutonium vitrification as an alternative. The
paper concludes with questions to which the public requires satisfactory answers before this technology
can move to a larger scale.

A COMMENT ON PUBLIC PARTICIPATION

For some time people in Colorado have been urging management at Rocky Flats to consider creating a
small-scale pilot plant for vitrification of the plutonium at Rocky Flats. We have felt like prophets
crying in the wilderness. Until I read abstracts of papers circulated before this workshop? I thought the
topic of plutonium vitrification was as neglected elsewhere in the DOE complex as it has been at Rocky
Flats. This workshop encourages me to think the concept is alive and well and may have a future after
all. I myself address the topic of vitrification of plutonium not as a technical specialist but as one who
lives near Rocky Flats and is concerned about both the local danger and the global threat previously
mentioned. I am grateful to be part of this workshop but am sorry to see that public participation is
scant. DOE can gain the trust of affected citizens only if it involves them at the earliest possible
moment and in the fullest possible way in any consideration of matters that impact them. Iflocal
communities are to endorse vitrification, it is essential that they have access to technical information and
that they have full opportunity to work directly with technical people. This workshop is, at best, only a
beginning.
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CONDITIONS AT THE SITE

Rocky Flats currently contains the largest known store of plutonium at any facility within the U.S. DOE
nuclear weapons complex (quantities at Pantex are greater, but the amounts remain classified).
Plutonium on site at Rocky Flats exists in the following forms and quantities:

o Metals: 6,600 KG

Compounds: 3,200 KG

Residues: 3,100 KG

e Solutions (the most dangerous material on site): 140 KG

e Holdups (in ductwork, equipment, buildings): 320 KG (rough estimate)

Metals, compounds, and residues add up to the 12.9 metric tons of plutonium usually referred to as the
total inventory of plutonium on site. Including solutions and holdups brings the estimated total to 13.36
metric tons. Some of this total -- a classified amount -- belongs to Defense Programs and thus will be
retained for the nuclear weapons stockpile. Most of the total, however, is no longer part of the weapons
stockpile and therefore is destined for disposition. My paper focuses on this portion.

Much of the large quantity of plutonium at Rocky Flats is stored in unsafe form within unsafe buildings.
DOE's plutonium vulnerability study singled out Rocky Flats as having the most severe vulnerabilities
of any facility nationwide. Here are a few highlights from the vulnerabilities report:

e The two potentially most dangerous buildings within the DOE complex are at Rocky Flats.
¢ Five of the nine most vulnerable buildings nationwide are located at Rocky Flats.

The report identified 27,679 separate packages of unstable plutonium at Rocky Flats.
"Current packaging and facilities . . . are not designed for extended storage."?

Thousands of containers of plutonium scrap are stored in work areas, compromising safety.

"The exact magnitude of the problem [at Rocky Flats] is uncertain because of missed or incomplete
inspections and the difficulty of ascertaining the status of the degraded materials and packaging."

CURRENT PLANS FOR DEALING WITH THE PLUTONIUM ON SITE

In the face of this critical situation at Rocky Flats, Herculean efforts are now underway to stabilize
unstable material and to put it in form suitable for safe long-term storage.5 Essentially, two separate
options are now preferred at the site. For the stabilized plutonium -- the solids, compounds, solutions,
and larger amounts recovered from holdups -- the operable plan is to place stabilized material in the
"fifty year can" now being developed at Los Alamos.® This is the preferred option for all Rocky Flats
plutonium except the residues. Residues were traditionally production byproducts that would have been
discarded as waste except that they contained "recoverable" amounts of plutonium. By the nature of the
case, residues are diverse in form, with some forms being quite unstable. The plan for the residues is to
put the material in "a form and container that is safe for a period of twenty years,"” in the expectation
that within this period this material can be disposed of at WIPP as TRU-mixed waste.
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CONCERNS ABOUT THE FIFTY YEAR CAN
There are many concerns about the fifty year can, including the following:

To prepare material for the ﬁft}lt year can entails the oxidation of plutonium as well as the processing
that would be required beforehand, such as dissolution of plutonium in acid. These activities extend

the threat of accidents and routine environmental problems of the type that have plagued Rocky Flats
for decades?

Is the package safe? The idea of a "fifty year can" for long-term storage and disposition of
plutonium seems ludicrous. Can DOE design a container that could go through a certification
process to guarantee its half-century durability? If so, how long will the can hold up? With the
accumulation of gas from the plutonium decay, will the can eventually rupture, leading to possible
dispersion of the contents, particularly if the contents are in oxide form?

Will plutonium stored in the fifty year can require further processing at some future date to prepare it
for permanent disposition? Is the fifty year can a suitable container for permanent disposition?

Is this package sufficiently proliferation-resistant? As a cylinder ten inches long and five inches
wide, the fifty year can is wonderfully portable and therefore subject to diversion or theft. The
contents, of course, will be plutonium in near weapons-grade form. Who can provide absolute
assurance that security will remain adequate to offset the danger of theft or d1ver51on for as long as
required?

Is DOE's fifty-year can in reality less a method for plutonium disposition than one for indefinite
retention of plutonium in near weapons-grade form? Why leave plutonium in a form that can too
easily be converted back into weapons-usable material when the U.S. has no need for more
weapons-usable plutonium?

For the U.S. to keep its own plutonium in easily usable form will prevent it from persuading Russia
to convert its plutonium into non-weapons-usable forms -- a prime U.S. security goal.

PROBLEMS WITH THE PLAN FOR RESIDUE DISPOSITION
Problems with the plan for disposition of plutonium residues include the following:

Why does management at Rocky Flats assume it is safe to dispose of unstable plutonium residues
underground? Won't this particular disposition plan further galvanize the already significant
opposition to the opening of WIPP?

Is it wise to rely on availability of WIPP? And will WIPP, even 1f it opens, be able to accommodate
the quantities of TRU waste expected to be disposed of there?

If WIPP isn't available, how wise is the twenty-year-container plan for ongoing storage of plutonium
residues at Rocky Flats? Wouldn't a good management strategy dictate development of a viable
alternative, one that would stabilize the material in a form suitable for long-term storage and
disposition? ’
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VITRIFICATION AS AN ALTERNATIVE
Vitrification of plutonium could avoid all these problems at Rocky Flats, especially if a new technology
invented by DOE's Oak Ridge National Laboratory can be utilized.®

e The Oak Ridge technology streamlines processing by combining oxidation with the vitrification
step, replacing extensive chemical treatment of plutonium compounds and residues. Plutonium
materials in various chemical forms are put into molten glass containing lead oxide. The plutonium
combines with the oxygen in the lead oxide, creating plutonium oxide and lead metal. The lead
metal, insoluble in glass, drops to the bottom of the glass melter, whence it can be extracted, re-
oxidized and re-used.

e After vitrification the plutonium would end up dispersed and embedded in glass logs, posing lower
risks than if stored as plutonium oxide.

e The logs would be too large for easy theft or diversion, while the plutonium content per log would
be so small that several logs would be required to obtain enough plutonium to make a bomb.

e The plutonium logs could be poisoned with radionuclides or a rare-earth element to make theft or
diversion even less likely.

e Extensive processing would be necessary to recover the plutonium.

e Direct vitrification of some residues, particularly combustibles, may not be possible; if so, this
material would require some processing prior to the vitrication step.

VITRIFICATION SHOULD BEGIN WITH A SMALL-SCALE PILOT PLANT

The Oak Ridge direct vitrification technology evidently could handle many different types of plutonium
residues and scraps. Other vitrification technologies should also be considered for the situation at Rocky
Flats. Whatever technology is used must be taken from the laboratory to an industrial scale. Its
operating and environmental characteristics need to be studied. The best approach for doing this at
Rocky Flats would be to build a small pilot plant for testing various aspects of the technology,
demonstrating its feasibility, and working out problems. Operating a vitrification pilot plant first would
help DOE acquire experience that it sorely lacks. If a pilot project shows that it would not be feasible to
move to full-scale operations, little would have been expended and much would have been learned.

RATIONALE FOR VITRIFICATION AND FOR A PILOT PLANT

Vitrification may streamline processing of plutonium, bypassing a separate oxidation step.
Vitrification embeds plutonium in a form that minimizes or eliminates dispersibility.

The end result is a stable, proliferation-resistant form suitable for long-term storage or disposition.

A small-scale pilot plant would cost little, could be begun soon, and would provide an opportunity to
test the technology to determine the feasibility of vitrification on a larger scale.

IS PUBLIC ACCEPTANCE POSSIBLE?

If in other respects Rockyi Flats seems a logical location for a plutonium vitrification pilot plant, can
such a project gain publiq acceptance? DOE spokespersons now say a requisite condition for future
operations at any site is public acceptance. At Rocky Flats, however, as well as elsewhere DOE
personnel face a cautious, sometimes angry public. In this context, is substantive public acceptance for
a plutonium vitrification facility even possible? If so, what must be done to gain such acceptance? This

workshop, as I stated earlier, sets a poor standard for public participation. On behalf of members of the
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affected public who are not here I shall next provide a long list of questions posed by some of them.
Full and careful written answers to these questions can help the absent public begin to know how to
assess vitrification. Of course, answers on paper are no substitute for the open exchange that must

happen if there is to be any forward movement.

QUESTIONS WHICH NEED TO BE ANSWERED
What follows are some of the questions to which positive answers are required in order to proceed with
vitrification of plutonium at Rocky Flats or elsewhere:

If plutonium vitrification is initiated at Rocky Flats or elsewhere, what must be done to assure
regulation by an agency outside DOE? What agency will regulate and according to what standards ?

For any site that takes on the responsibility of plutonium vitrification, what commitment is being
made? What amount of plutonium will be vitrified over what period? What assurances can be given
that the resources necessary to do the task safely will be provided?

What would be the chief environmental, safety, and health problems associated with vitrification of
plutonium, particularly in the kind of smelter pioneered at Oak Ridge?

On the principle that plutonium should be handled as little as possible, what assurance can be given
that vitrification operations will entail less processing than other approaches to stabilization and
immobilizaion?

Can the U.S. create a vitrification model with minimum handling of plutonium and mimimum
possible waste streams that can be replicated in other countriees?

What steps will the U.S. take to encourage other countries to commit to non-prohferanon by
vitrifying their plutonium in preparation for disposition?

What types of skills are needed for workers engaged in plutonium vitrification?
What problem does the addition of plutonium pose in "making good glass"?

What measures are taken to see that plutonium diffuses uniformly throughout the glass?
What is the appropriate ratio of plutonium to glass?

What safeguards can protect against criticality both in processing and in storage?
At what temperature would the glass melter operate?

What is the risk of molten glass leaking from the melter?

What would be the result of water leaking into the melter? Can this be prevented?
‘What pollution control devices would be used?

What kind of storage would be required for vitrified logs of plutonium?

How would vitrified logs hold up to a fire? an explosion? a building collapse?
What hazards do the vitrified logs pose to workers? to the public?

What is the effect onlglass of bombardment by alpha, beta, and neutron radiation?

Is it possible that glass logs might shatter or flake over yéars for any reason? If so, what would be
the result? Could this contribute to plutonium dispersion?

Should vitrified logs be encased in another container?
Could plutonium leach out of glass logs over time? If so, at what rate and for how long?

Can all the residue forms present at Rocky Flats be used as feed material for vitrification? If so, are
any special measures required for the processing? If not, what additional processing would be
required before the material could be vitrified?
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e What additives might be used to poison logs of vitrified plutonium? What dangers are associated
with specific additives, and what precautions would be required to protect workers, the public, and
the environment?

¢ Does plutonium in glass logs pose problems for international verification of plutonium inventories?
How might such problems be solved?

o How does vitrification of plutonium compare to other disposition options in terms of cost, risk, and
proliferation-resistance?

o What would be the appropriate size of a pilot facility at Rocky Flats? of a full-scale facility to
handle all the plutonium on site? '

e What assurance can be given that vitrification operations at Rocky Flats would be'used only for
plutonium on site?

e To what extent would plutonium contaminate the vitrification facility by the time it is done
operating? What problems might this pose?

A CAVEAT REGARDING PLUTONIUM DISPOSAL

In the long-term, plutonium glass logs would need to be disposed of as waste. This disposal problem
has not been solved. Moreover, military surplus plutonium constitutes a considerably smaller portion of
global plutonium inventories than the plutonium from civilian nuclear power reactors. Currently the
latter (plutonium in spent fuel as well as separated plutonium) amounts to almost three times the
quantity of military plutonium produced globally over five decades.? Creating a sound, proliferation-
proof waste management plan for civilian plutonium is a major problem needing early attention.

CONCLUSION ,

The problems of plutonium immobilization and disposition are urgent and serious, nowhere more so
than at Rocky Flats, with more than 13 metric tons on site, much of it in unsafe form. There are no
perfect, risk-free solutions. DOE has made progress by identifying the hazards of existing storage
practices. It needs now to give up the urge to hang on to plutonium in close to weapons-usable forms.
In keeping with the facility's new name -- Rocky Flats Environmental Technology Site -- DOE needs to
take the bold steps required to develop plutonium vitrification technology at the site as soon as possible
in a manner consistent with public involvement, openness, and environmental protection.

Vitrification of plutonium at Rocky Flats should begin on a small scale with a pilot plant. Then if the
technology proves feasible, the project can be scaled up to an appropriate size for handling the large
quantities of plutonium materials and residues on site. While numerous questions await answering,
vitrification of plutonium!at Rocky Flats seems a promising alternative to the other options being
considered at the facility. As shown, vitrification may entail less processing, while its end-product will
be a proliferation-resistant form suitable for long-term storage or permanent disposition.

DISCLAIMER

The views expressed in this paper are those of the author(s) and do not necessarily reflect any biases,
proposed action, or decisions of the United States Government or any agency thereof.
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I wish to acknowledge the important work done on this topic by Arjun Makhijani of the Institute
for Energy and Environmental Research. See Arjun Makhijani and Annie Makhijani, Fissile
Materials in a Glass Darkly: Technical and Policy Aspects of the Disposition of Plutonium and
Highly Enriched Uranium (Takoma Park, MD: IEER Press, 1995).

U.S. DOE, Plutonium Stabilization and Immobilization Workshop, Washington, DC, December
12-14, 1995. ‘

Plutonium Working Group Report on Environmental, Safety and Health Vulnerabilities
Associated with the Department's Plutonium Storage, vol. I: Summary (Washington, DC: U.S.
Department of Energy, November 1994 [DOE/EH-0415])), p. 18.

Ibid., I, p. 26.

See Rocky Flats Environmental Technology Site, Site Integrated Stabilization Management Plan
(SISMP), Version 3.0, October 10, 1995.

In keeping with DOE Standard Criteria for Safe Storage of Plutonium Metals and O>'tides, DOE-
STD-3013-94.

SISMP, p. 35.

See Charles W. Forsberg and E. C. Beahm, "Direct Conversion of Plutonium-Containing
Materials to Borosilicate Glass for Storage or Disposal" (June 27, 1995), for Thirty-Sixth Annual
Meeting, Institute for Nuclear Maerials Management Conference, Palm Desert, CA, July 9-12,
1995; and Forsberg, "What Is Plutonium Stabilization, and What is Safe Storage of Plutonium?"
(June 29, 1995), Discussion Paper for the U.S. DOE Research Committee for the Stabilization of
Nuclear Materials. Both papers are available from Forsberg at the Oak Ridge National
Laboratory, Box 2008, Oak Ridge, TN 37831.

See Makhijani, Fissile Materials in a Glass Darkly, p. 11.
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Stabilization and Immobilization of Military Plutonium:
A Non-Proliferation Perspective

Paul Leventhal
President
Nuclear Control Institute
1000 Connecticut Ave. NW, Suite 804
Washington, D.C. 20036

INTRODUCTION

The Nuclear Control Institute welcomes this DOE-sponsored technical workshop on stabilization
and immobilization of weapons plutonium (W Pu) because of the significant contribution it can
make toward the ultimate non-proliferation objective of eliminating weapons-usable nuclear
material, plutonium and highly enriched uranium (HEU), from world commerce. The risk of
theft or diversion of these materials warrants concern, as only a few kilograms in the hands of
terrorists or threshold states would give them the capability to build nuclear weapons. *

Military plutonium disposition questions cannot be addressed in isolation from civilian
plutonium issues. The National Academy of Sciences has urged that "further steps should be
taken to reduce the proliferation risks posed by all of the world's plutonium stocks. military and
civilian, separated and unseparated...." © A similar point was made in a Rand Corporation
report: "It is critical that countries pay attention to the proliferation threat from the civilian side if
they want to maximize the non-proliferation value of dismantling U.S. nuclear weapons and
those of the FSRs [former Soviet republics]. If countries ignore the civilian threat, they can
compound the problem by making wrong choices in how to deal with military materials."

The Clinton Administration has correctly identified the minimizing of civilian plutonium stocks
worldwide as a major non-proliferation objective:

The United States believes that growing quantities of plutonium in international
commerce present a threat to the nonproliferation regime. In countries where material
control and accountancy or physical protection systems are not sufficiently rigorous, there
is a risk of diversion or theft of such materials. In addition, even in countries with
effective nonproliferation commitments, the presence of unneeded stocks of plutonium
could raise security concerns on the part of neighboring countries. Accordingly, United
States policy is not to encourage the civil use of plutonium.

Decisions on the disposition of W Pu will have major effects on the future of plutonium use in
civilian nuclear power programs. These decisions are being watched closely by plutonium fuel
cycle advocates around the world. The nuclear industry has launched a full-court press, with
nearly every major vendor re-designing its reactor system for potential use as a weapons-
plutonium burner. In 1993, Congress mandated that the Department of Energy conduct several
studies of various MOX options, including a review of reactor options and an assessment of the
so-called triple-play reactor that would use weapons-plutonium MOX fuel to generate
electricity and produce tritium for the nuclear arsenal.

Comparable attention and resources were not directed toward consideration of vitrification and
other immobilization options. This situation led the National Academy of Sciences to make the
following recommendation in its study this year of disposal options:

Since it is crucial that at least one of these options [MOX or vitrification] succeed, since

time is of the essence, and since the costs of pursuing both in parallel are modest in
relation to the security stakes, we recommend that project-oriented activities be initiated
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on both options, in parallel, at once. DOE should assign sufficient regources (both
funding and personnel) to manage pursuit of both options in parallel. > [emphasis in
original}]

One of the main goals of this workshop, therefore, should be to fulfill the NAS mandate by
righting the imbalance between the MOX and vitrification disposal options and creating a more
level playing field that will help give equal consideration to the viability of non-reactor
alternatives.

Vitrification and MOX as the Lead Disposition Options

Most experts agree with the conclusion of this year s NAS study that the two most viable options
for disposing of plutonium recovered from retired nuclear warheads are the irradiation in reactors
of mixed-oxide fuel made from this plutonium (the MOX option), and direct disposal of warhead
plutonium by means of vitrifying it with high-level radioactive waste (the VHLW option). The
Nuclear Control Institute regards the vitrification approach as posing fewer risks than the MOX
approach with regard to diversion or theft of warhead material, reversal of the disarmament
process, and other adverse effects on international arms control and non-proliferation efforts.
Proposals for transferring warhead plutonium MOX fuel to third countries not now possessing
nuclear weapons pose additional risks.

To minimize proliferation and terrorism risks in the post Cold War world, we advocate that a
symmetrical regime be developed to address the dual threat of military and civilian plutonium.
Such a regime would place comparable obligations on nuclear-weapon and non-nuclear weapon
states to meet the spent-fuel standard and to avoid production and use of separated plutonium in
any form. A decision to dispose of warhead plutonium by means of vitrification or other
immobilization technology would be an essential step toward achievement of such a regime.

Proponents of MOX disposition claim that vitrification technology is immature, speculative, and
cannot be ready soon enough. ’ This view is nearly universal in the nuclear power industry,
despite being flatly contradicted by this year s NAS study on disposal options, which concluded
that [i]n terms of the crucial timing aspect of security, the current-reactor/spent-fuel options and
the vitrification-with-wastes options are roughly comparable to each other (as well as superior to
all other options). Under the most optimistic assumptions that are defensible, loading of W Pu
into current-reactor types could begin between 2002 and 2004 and be completed between 2015
and 2025; loading of W Pu into waste-bearing glass logs could begin around 2005 and be
completed as early as 2013.” % Accordingly, this workshop can surmarize and begin to assess
the range of outstanding technical issues related to VHL W options, in order to provide direction
for a concerted R&D effort.

Effects of Disposition Choices on Civilian Plutonium Fuel Cyclés
The 1994 NAS study emphasized the importance of the "Fuel Cycle Policy Signal”:

[Plolicymakers will have to take into account the fact that choosing to use weapons
plutonium in reactors would be perceived by some as representing generalized U.S.
approval of separated plutonium fuel cycles, thereby compromising the ability of the U.S.
government to oppose such fuel cycles elsewhere. Conversely, choosing to dispose of
weapons plutonium without extracting any energy from it could be interpreted as
reflecting a generalized U.S. government opposition to plutonium recycle. Either choice
could have an impact on fuel cycle debates now underway in Japan, Europe, and Russia.

The Nuclear Control Institute believes that the vitrification option would send the right fuel cycle
policy signal to the civilian nuclear sector and would be fully consistent with the Clinton
Administration's September 1993 non-proliferation policy statement. The statement declared
that "the United States does not encourage the civil use of plutonium and, accordingly, does not
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itself engage in plutonium reprocessing for either nuclear power or nuclear explosive
purposes."

On the other hand, the MOX option, though it does not necessarily involve further reprocessing,
would clearly encourage civilian use of plutonium, which in some countries like Japan even
includes plans for reprocessing irradiated MOX fuel. The U.S. Government would be engaging
in or sponsoring MOX activities for the first time on a commercial scale, legitimizing the use of
MOX in civil nuclear power programs. Such a sea change in U.S. policy would confuse and
complicate U.S. non-proliferation diplomacy. It would send the wrong fuel-cycle policy signal to
Western Europe, Japan, and other non-nuclear-weapon state members of the Non-Proliferation

Treaty (NPT).

In our view, the MOX option sends the wrong signal in three ways. First, this option effectively
declares that plutonium has an asset value, and that the energy contained within it should be
viewed as a "national asset” (as the U.S. DOE expressed it) or even "national treasure" (as the
Russians put it), when in fact plutonium fuel has been shown to be an economic liability. !

Second, the MOX option suggests that a commercial plutonium fuel cycle can be effectively
safeguarded, when, in fact, it is l'gecoming obvious that large-throughput plutonium plants face
daunting safeguards problems.

Third, the MOX option would be portrayed as giving credibility to the claim that plutonium
recycle in light water reactors (LWRs) is essential to nuclear waste management at a time when
direct disposal of spent fuel is looking increasingly attractive to utilities.

Finally, the MOX option undercuts U.S. non-proliferation diplomacy directed at so-called "rogue
states." If the U.S. actively pursues the MOX option, it will become far more difficult to deny
nations of proliferation concern, such as North Korea and Iran, their "right" to civil use of
plutonium. In our view, the only credible way to oppose the separation and use of plutonium in
nations of proliferation concern is to oppose it comprehensively---that is, to oppose its separation
and use in gny nation for any purpose. Such an approach is effectively precluded if the U.S.
insists upon retaining the right to use MOX fuel in civilian reactors, albeit for the purpose of
weapons plutonium disposition.

Important Workshop Goals

This workshop should help point the way forward to near-term demonstration of technically
viable vitrification/immobilization processes. Some technologies, such as Oak Ridge s GMODS,
are at risk of being dismissed as smoke and mirrors without first being allowed the kind of
detailed assessment that has been devoted to the various reactor options. A number of promising
technologies are to be outlined in presentations at this workshop, and deserve a fair chance in the
disposition decision-making process.

This workshop also can provide the catalyst for closer cooperation with our Russian colleagues.
Plutonium exists in enormous amounts and, in many cases, in the form of dangerous residues in
both U.S. and Russian weapons production facilities. Though our attitudes on commercial use
and final disposition of plutonium vary widely, stabilization of these particular military wastes is
a pressing problem for both nations, and cooperation on technical solutions is in our mutual
interest. For reasons of economy and safety, certain waste forms may lend themselves to
stabilization and immobilization without partitioning of plutonium and other actinides, and could
provide the basis for initial cooperation between the United States and Russia on non-reactor
disposal options.
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The Department of Energy is to be commended for convening this ground-breaking technical
workshop, and Russian participation is most welcome and important. Ilook forward to the
discussions of the next two days.

DISCLAIMER
The views expressed in this paper are those of the author(s) and do not necessarily reflect any biases,
proposed actions, or decisions of the United States Government or any agency thereof.
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Integrating the Stabilization of Nuclear Materials

Henry F. Dalton
US Department of Energy
Washington, DC 20585

In response to Recommendation 94-1 of the Defense Nuclear Facilities Safety Board, the Department of
Energy committed to stabilizing specific nuclear materials within 3 and 8 years. These efforts are
underway. The Department has already repackaged the plutonium at Rocky Flats and metal turnings at
Savannah River that had been in contact with plastic. As this effort proceeds, we begin to look at
activities beyond stabilization and prepare for the final disposition of these materials.

To describe the plutonium materials being stabilized, Figure 1 illustrates the quantities of plutonium in
various forms that will be stabilized. Plutonium as metal comprises 8.5 metric tons. Plutonium oxide
contains 5.5 metric tons of plutonium. Plutonium residues and solutions, together, contain 7 metric tons
of plutonium. Figure 2 shows the quantity of plutonium-bearing material in these four categories. In
this depiction, 200 metric tons of plutonium residues and 400 metric tons of solutions containing
plutonium constitute most of the material in the stabilization program. So, it is not surprising that much
of the work in stabilization is directed toward the residues and solutions, even though they contain less
of the plutonium.

Figure 3 sketches the stabilization paths for these materials. Plutonium metal and oxide are packaged
according to the departmental standard, DOE-STD-3013-94. The materials will then be suitable for 50-
year storage, although we expect that the materials will be dispositioned well before 50 years. Residues
and solutions show two paths. One path is to concentrate plutonium suitable for packaging. This
requires that the plutonium be concentrated to greater than fifty percent, and be low in water and organic
content, as prescribed by the standard. No purity requirements above that specified in the standard are
required. So, for example, at Savannah River, plutonium will be prepared as a metal after being
precipitated from solutions. The plutonium will not be purified by anion exchange, however, and would
not be weapons grade.

The other path is to dispose of residues as transuranic waste. The maximum average concentration,
following anticipated Waste Acceptance Criteria for the Waste Isolation Pilot Plant (WIPP), are below
0.5 gram per kilogram of material. This limit establishes the need for the path in which plutonium is
packaged for disposition other than as waste. With this limit, the plutonium in residues and solutions
would require 30,000 drums for disposal. Given an estimated disposal cost of $10,000 per drum in
WIPP, disposal of all residues and solutions would require $300 million. We expect that we can
experience considerable savings by disposing of some of the plutonium as other than waste in WIPP.
The decision as to the path for the residues will depend on projected costs.

In the stabilization program, we welcome immobilization as a viable option to the treatment of residues.

Preparation of the residues-for disposition (such as in vitrified form) would reduce the amount of
materials in intermediate form and would thus reduce the cost of disposing to WIPP. In any case, we are
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committed to putting material that will not be disposed as waste into a form that will be compatible with
the disposition decision reached through the Office of Fissile Materials Disposition determines through
the National Environmental Protection Act (NEPA) process.

Figure 4 shows the amount of plutonium metal and oxide that we will package in the stabilization
program through May 2002. You can see we have a very aggressive program for the plutonium that will
be stabilized and are excited about the progress we anticipate at the Department’s sites.

DISCLAIMER
The views expressed in this paper are those of the author and do not necessarily reflect any views,
proposed actions, or decisions of the United States Government or any agency thereof.
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Immobilization Needs and Technology Programs

Leonard Gray, Tehmau Kan, Henry Shaw, Guy Armantrout
Lawrence Livermore National Laboratory
P.O. Box 808, L-592
Livermore, CA 94551 USA

ABSTRACT

In the aftermath of the Cold War, the U. S. and Russia agreed to large reductions in nuclear weap-
ons. To aid in the selection of long-term management options, DOE has undertaken a multifac-
eted study to select options for storage and disposition of plutonium in keeping with U. S. pol-
icy that plutonium must be subjected to the highest standards of safety, security, and account-
ability. One alternative being considered is immobilization. To arrive at a suitable immobilization
form, we first reviewed published information on high-level waste immobilization technologies
and identified 72 possible plutonium immobilization forms to be prescreened. Surviving forms
were further screened using multi-attribute utility analysis to determine the most promising tech-
nology families. Promising immobilization families were further evaluated to identify chemical,
engineering, environmental, safety, and health problems that remain to be solved prior to making
technical decisions as to the viability of using the form for long-term disposition of plutonium.
From this evaluation, a detailed research and development plan has been developed and initiated
to provide answers to these remaining questions.

INTRODUCTION

In the Cold War aftermath, significant quantities of enriched uranium and weapons-grade pluto-
nium have become surplus to national defense needs in both the U. S. and Russia. Nuclear pow-
ers are now faced with management of tonnes of Pu in excess to national security needs. These
excess stockpiles pose a danger to national and international security, not only in the potential
proliferation of nuclear weapons but also in the potential for environmental, safety, and health
consequences if these fissile materials (FMs) are not properly managed.

If agreed reductions are implemented, perhaps 100 tonnes of Pu will no longer be needed for mili-
tary purposes by Nuclear Weapons States. Continued implementation of arms reduction agree-
ments will result in further dismantling of weapons and increasing stockpiles of surplus weap-
ons-usable materials.

There is a serious risk of nuclear proliferation from the resulting growing stockpiles. Nuclear
weapons or fissile materials could fall into the hands of terrorists or rogue non-nuclear nations
through theft or diversion of FMs. The U.S. National Academy of Sciences (NAS) report! on the
management and disposition of excess weapons plutonium characterized this as a “clear and pre-
sent danger.” This nuclear danger is, in many ways, more diffuse, harder to manage, and more
dangerous than the nuclear tensions of the Cold War era.
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On January 24, 1994, in response to the President's nonproliferation policy, Secretary O'Leary
created a Department of Energy (DOE)-wide project for control and disposition of surplus fissile
materials which later became the Office of Fissile Materials Disposition (MD). MD, through
task teams composed of experts from national laboratories, production sites, universities, indus-
try, and other DOE programs, e.g. Civilian Radioactive Waste Management, (RW), have used a
process that considered potential long-term storage and disposition options, evaluated them
against screening criteria, and identified alternatives reasonable for continued evaluation in a Pro-
grammatic Environmental Impact Statement (PEIS) process. Screening criteria, which were devel-
oped with input from the public, reflect the President's Nonproliferation and Export Control
Policy of September 1993, the January 1994 Joint Statement by Presidents Clinton and Yeltsin
on Nonproliferation of Weapons of Mass Destruction and the Means of Their Delivery and the
analytical framework established by the NAS.

To aid in selecting long-term management options for surplus weapons Pu, DOE has undertaken
a multi-faceted study to select options for storage and disposition in keeping with U. S. policy
that excess Pu must be subjected to the highest standards of safety, security, and international
accountability. The primary goal is to render weapons-usable fissile materials as inaccessible and
unattractive for weapons fabrication as that in commercial reactor spent fuel (i.e. meet the “spent
fuel standard™) while protecting human health and the environment. Disposition is defined as a
process of use or disposal of materials that results in the remaining material being converted to a
form substantially and inherently more proliferation-resistant than the original form. Disposition
options must take into account technical, nonproliferation, environmental, and economic consid-
erations.

Disposition can be divided into three distinct but overlapping phasés—dismantling, intermediate
storage, and long-term disposition (Fig. 1). Dismantling of U.S. and Former Soviet Union weap-
ons and storage of resulting surplus fissile materials (SFM) are already under way. Conversion of
residue materials and long-term disposition of all FM will take far longer to accomplish.

r Weapons | r Residues J

Dismantling Staé’.','.'f‘,aé::{:, gnd
Y Y

Interim storage

\ v \
| Disposition |

Figure 1. Steps in control and disposition of surplus fissile materials.

Immobilization Program

One class of disposition alternatives is immobilization. In these alternatives, surplus Pu would
be immobilized in an acceptable matrix to create a chemically stable form for disposal in a high-
level waste repository. The radiation level of the immobilized form would also meet the “spent
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fuel standard” in that fissile material would be mixed with high-level wastes or other radioactive
isotopes and immobilized to create a radiation field that could serve as a proliferation deterrent
comparable to commercial spent nuclear fuel.

MD selected the Lawrence Livermore National Laboratory as Lead Laboratory to study and rec-
ommend methods for transformation of SFM into long-term immobilized forms meeting envi-
ronmental, safety, and security objectives; to provide appropriate input to other Disposition
Tasks Teams so as to assess technical feasibility of immobilization as a long-term disposition op
tion; and describe infrastructures required to conduct disposition of SFM. Support laboratories
include Savannah River Technology Center, Argonne National Laboratory, Oak Ridge National
Laboratory, and Pacific Northwest Laboratory. The team also includes support from US univer-
sities and industries.

As part of the disposition program, other nations with relevant interests and experience have
been invited to participate in the disposition study. Australia, the United Kingdom, France and
Russia are participants in the Immobilization Program.

Immobilization would embed Pu in a tailored ceramic, glass, or other suitable material, alone or
mixed with radioactive fission products to produce a suitable disposal form. To be viable, the Pu
concentration of the form must be in the range of 1.0 to 10 wt% range. To arrive at suitable
forms, published information on HLW immobilization technologies was reviewed; 72 uniquely
named forms were identified. > After prescreening, the 16 surviving forms were screened using
multi-attribute utility analysis (MAUA) to determine the more promising technologies. Promis-
ing immobilization families (glass, ceramics and metals) were further evaluated to identify and
seek solutions for chemical, engineering, environmental, safety, and health (ES&H) problems re-
maining to be solved prior to making technical decisions as to their viability for long-term dispo-
sition of Pu. We are also assessing modifications required to existing U.S. high-level waste immo-
bilization approaches, and modifications required to the DOE response to the Defense Nuclear
Facilities Safety Board’s Recommendation 94-1, ES&H implications, costs, and schedule.

Processing Options
Five immobilization base case options comprising glass and ceramic forms are being evaluated in

the PEIS/ROD process:

e Vitrification
e Internal radiation barrier ( Fig 2)
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Figure 2. Two options for vitrification of Pu

(1) anew greenfield facility that produces a borosilicate glass
containing Pu, neutron absorbers, and *’Cs (as a radiological barrier), and then encapsu-
lates this glass in a storage canister;

(2) an adjunct melter to the existing Defense Waste Processing Facility (DWPF) that
produces a glass containing Pu, neutron absorbers, and high level waste (HLW), and then
encapsulates this glass in a storage canister;

e External radiation barrier ( Fig 2)
(3) a "can-in-canister" variant, in which an inner can containing a2 Pu- and neutron-
absorber-bearing glass is surrounded by a glass containing a radiological barrier, which, in
turn is contained in an outer storage canister.

e Ceramics
e Internal radiation barrier (Fig 3)
(4) a new ("greenfield") facility that produces a ceramic containing Pu, neutron absorbers,
and *’Cs and then encapsulates the ceramic in a storage canister;
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e External radiation barrier (Fig 3)

(5) a "can-in-canister" alternative in which an inner can of a ceramic containing Pu and
neutron absorbers is surrounded by a ceramic or glass that contains a radiological barrier,
which is in turn contained in an outer storage canister.
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Figure 3. Two options for immobilizing Pu in a ceramic

Several variants to the base cases are also being examined. These include use of either plutonium
oxide (base case) or plutonium nitrate solution as the feed to the melters. The bas¢ case for the
ceramics is plutonium nitrate feed; the variant is the use of plutonium oxide feed.

Feed Stocks

When the Cold War unexpectedly and abruptly ended in 1991, DOE stopped production of plu-
tonium for nuclear weapons —it had already in effect stopped production of the warheads them-
selves in 1988. Facility missions were abruptly changed and budgets were dramatically reduced.

Tonnes of plutonium, previously slated for warheads, were left in place, much of it in forms and
facilities not suited to long term storage. There are approximately 26 tonnes of Pu, not including
amounts contained in assembled and disassembled weapons, located throughout the weapons
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complex. The alpha decay of Pu results in formation of free radicals which induce chemical reac-
tions within stored solutions and solids containing organics (plastics, paper, cloth, etc.) that make
behavior of these solutions and solids difficult to predict. The Defense Nuclear Facilities Safety
Board (DNFSB) recognized this when they issued their recommendation 94-1, in May 1994,
calling on DOE to:

bring stored plutonium metal and oxide into conformance with the DOE storage standard
process the plutonium solutions into forms safer for interim storage
process possibly unstable plutonium residues into forms suitable for interim storage

establish a research program to help choose among candidate processes for conversion to in-
terim forms and longer-term disposition.

Under the assumption that long term storage and ultimate disposition of plutonium are not con-
sidered to be technologically feasible during this century, current DOE programmatic efforts are
focusing corrective actions on stabilizing stored materials in response to the DNFSB recommen-
dations. Materials returning from the nuclear stockpile, together with these existing inventories of
fissile materials, which may easily be converted to a weapon usable form, define the scope of ma-
terials that have generated a concern for international security. It is assumed that corrective ac-
tions will be completed prior to the start of large scale disposition activities and that the source
of plutonium for disposition will include weapons-usable materials stored in stabilized forms de-
fined by DNFSB 94-1 recommendations.

Only the very top level of the DOE corrective action plan has been completed. Since the lower
level corrective actions have not yet been planned or executed, it is not possible to specify the
exact form, quantity, or location of the plutonium contained in the stabilized scrap or irradiated
materials which may be available for disposition.

At the end of the cold war, there was also a considerable quantity of material which contained
amounts of Pu which were considered to be economically recoverable but which were not consid-
ered primary manufacturing feed stocks. These residues, largely in storage at the Rocky Flats
site, represent a concern since the fissile inventory is sufficiently large to be of proliferation con-
cern. However, the Pu content for all residues, which is always less than 50%, is only on the or-
der of about 1% on the average overall. The chemical and physical form of these residues pres-
ents difficulties for long term storage or use in the weapons complex. As a consequence, these
have been declared as waste with the intent to discard them at WIPP when WIPP becomes opera-
tional.

Several of the immobilization options, however, may well present a more cost effective approach
for the elimination of these residues rather than just placing them in WIPP. In order to consider
this question, calculations were done at LLNL which estimated the cost associated with various
options for either discarding the Pu directly, or for immobilizing the Pu for disposition as part of
the Fissile Materials Disposition Program. These cost calculations considered the cost of pack-
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aging and disposing of the residues in WIPP versus the cost of processing the residues, dissolv-
ing them in glass, and adding the radiation spike prior to repository emplacement. In doing these
calculations, parameters considered included the average Pu cutoff for processing (with the leaner

residues always going to WIPP) and the average Pu loading per barrel which could be reasonably
expected for WIPP disposition.

Figure 4, shown below, indicates the cost estimates for disposition for the nation’s excess Pu
using glass immobilization where various quantities of the residues are either included or excluded
(based on the Pu cutoff percentage for processing).

As can be seen, there may well be cost advantages in processing a significant portion of the resi-
dues for immobilization disposition given the WIPP limits of 200 grams/barrel. Average WIPP
loading values will likely be less than 200 grams/barrel (Fig 5). A reasonable value is probably on
the order of 100 grams Pu per barrel

Immobilization Cost Contributions vs Pu
Processing Cutoff for 38 gms/barrel
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Figure 4. Cost Estimates
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Figure 5. "Optimum" Scrap Processing Cutoff
Points Vs. Average WIPP Loading Limits
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OVERALL R&D KEY FEATURES

Each of these technologies require further research and development to:

1. identify a material formulation that optimizes processability and long term performance;

2. develop processing equipment, material flow and process controls, operational strategies, and
material accountability while minimizing impacts on workers, the environment, cost, and the
ability to maintain an acceptable implementation schedule;
demonstrate on a pilot scale that individual operations or processing steps fit together seam-
lessly;

3. demonstrate that the specific disposal forms meet the spent fuel standard for proliferation re-
sistance.

The fundamental features of the overall long term research and development (R&D) plan for plu-
tonium disposition using immobilization technologies include:

o Full understanding of criticality safety margins at every stage of plutonium handling and
processing

64



¢ Practical limits of plutonium concentration from both solubility and kinetic considerations

e Incorporation of 137Cs and its effects on both process operations and final waste form
performance and proliferation resistance

o Sensitivity of immobilization process formulation and product performance to impurity
concentrations in the feed

e Process optimization to minimize waste, costs, and time of disposition
 Pilot scale demonstrations with transuranics to confirm viability of the process

e Evolving and characterizing equipment designs and compositions that reliably and safely
handle plutonium weight loadings that result in economically effective operations

e Properties that influence performance, reliability, and safety considerations—such as nu-
clear criticality—must be determined

e Assessment of the impact of plutonium volatility
e Assessment of the impact of the presence of neutron absorbers

e Assessments of the physical durability of the product and the plutonium product phases.
Relative durability and leach rate determination

e Assessments of Pu recovery and proliferation resistance of the immobilized plutonium
form

e Development of predictive material control and accountability and process controls and
models for plutonium immobilization operations.

Analytical tools and techniques will need to be properly validated. These issues have a large ef-
fect on process complexity and limitations on throughput, so it is imperative that a consistent set
of baseline data be carefully and fully determined. The experimental work and other assessments
identified in the R&D plan are intended to address these issues.

SUMMARY

An International Team was assembled for the purpose of selecting suitable immobilization forms
and processing technologies for the Fissile Materials Disposition Program Office. The Task
Team use the NAS Study as a reference point for starting the study but was not limited to rec-
ommendations of the NAS.

Three basic forms have been selected and the processing options to provide those three forms
have been defined. As this conference is for the discussion of glass and ceramics only, metal
forms were not discussed. Environmental Data has been supplied to the DOE contractor writing
the PEIS for the Disposition Program. The Task Team is now developing cost data for the Rec-
ord of Decision—which is anticipated in the Fall of 1996. The Task Team is also evaluating
these options to determine if they indeed meet the security standard and goals set up by the NAS
Study.
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APPENDIX

LONG RANGE RESEARCH AND DEVELOPMENT PLAN

The Long Range Research and Development Plan, Immobilization Technologies, summarizes the
long term research and development (R&D) requirements for plutonium disposition using immo-
bilization technologies.

In this overview, a brief summary of the status of the immobilization options and the emphasis
of the required research and development is presented for each of the immobilization options be-
ing considered. The fundamental features of the overall long term research and development
(R&D) plan for plutonium disposition using immobilization technologies are presented.

Vitrification Technology
The plan consists of individual stand-alone plans for each immobilization options. Three alterna-
tives based on vitrification technology are under consideration:

1. Vitrification at a Greenfield site (Internal Radiation Barrier)
2. Vitrification using an External radiation barrier'(Can-in-Canister)
3. Vitrification using a DWPF Adjunct melter (Internal Radiation Barrier)

The logical relationship of key milestones for the vitrification alternatives are shown in diagram
form in Figure 6. A critical concern relates to whether a glass for each of the alternatives can be
formulated to meet the processability and performance requirements.

Development and Characterization of Optimized Glass Formulations for Plutonium Im-
mobilization

The specific glass formulation selected will strongly influence the design and cost of the immobi-
lization facility, as well as the extent of characterization, necessary for facility and immobiliza-
tion form licensing, with a direct impact on implementation schedule. For example, the maximum
allowable plutonium loading, which will be set by the limits of process safety and long term per-
formance of the immobilization form may determine facility size and throughput.
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Figure 6. Glass Immobilization - Key Milestones
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Project Objective

To formulate, through testing and analysis, a Pu-containing glass optimized for safety, petform-
ance, processability, and cost effectiveness. To achieve adequate understanding of the glass be-
havior, both during processing and at long times, so that Title 1 design can be initiated.

Project Description

Detailed glass requirements for both processing and long term performance will be documented.
Guided by existing data and analysis, a range of glass formulations will be prepared and charac-
terized for Pu solubility, the influence of required additives such as neutron absorbers, tolerance
for process and compositional variations, processability, resistance to radiation damage, and long-
term chemical durability. Models for Pu processing parameters and release rates will be devel-
oped and used to optimize the formulations. These formulations will be characterized, material
response models modified as necessary, and long term performance testing initiated. This effort
will be closely coupled with the Processing and Equipment Technologies effort to insure that
candidate formulations meet processability and process safety requirements. Completion of this
task is not required prior to beginning Title 1 design.
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Key Information Generated/Key Issues Resolved

e Pu solubility as a function of glass composition

e neutron absorber solubility as a function of glass composition

e physical and chemical requirements for feedstocks

o effect of radiation damage on stability of immobilization form

e composition of final immobilization form

¢ information needed for long-term degradation/radionuclide release models
e relative release rates of fissile materials and neutron absorbers.

Process Development, Controls, and Equipment Technelogies

Immobilization with large weight fractions Pu has never been irnplemented in a production set-
ting. Optimization of the facility for safety, performance, ES&H and cost effectiveness will re-
quire backgrotind development for feed stock preparation, process flow, melter design, material
accountability, and process and criticality control. These efforts will work in close concert with
the Glass Formulation R&D tasks.

Project Objective

To understand facility unit processes and production flow well enough to optimize facility and
equipment design, performance, and cost effectiveness (while maintaining adequate safety and
performance margins) during Title 1 and 2 design.

Project Description

Glove box scale operations will be set up, evaluated and modeled for each unit operation. Proc-
ess schemes will be developed, analyzed and, tested comparing wet and dry melter feed streams.
For the greenfield alternative, the process for converting *’CsCl from Hanford to a form suitable
for a glass feed will be demonstrated and off-gas handling approaches developed. In combination
with glass formulation efforts and nuclear criticality analysis, glass melter designs will be evalu-
ated and modifications proposed. Prototype melter performance will be documented. A Proc-
ess/Product Control System will be developed consistent with the glass processability models
determined in the formulation effort. The technology for tracking accountable materials will be
demonstrated.

Key Information Generated/Key Issues Resolved

e determination of whether to use a wet or dry feed for melter

e demonstration of the process for converting CsCl and other potentially incompatible feed ma-
terials to suitable form

e establishment of processing requirements on glass formulation

e development of process criticality control, process quality, and materials accountability sys-
tems

e processing equipment and melter design
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Pilot Facility for Plutonium Vitrification

Prior to completing detailed facility design, it is essential to demonstrate that full scale (glove
box) processes and control strategies work together seamlessly and predictably. For these opera-
tions surrogates will be used in place of radiation barrier (e.g., *’Cs) materials.

Project Objective
Demonstrate processes for making Pu-containing glass logs using realistic equipment and proce-
dures.

Project Description

Using facilities, melter and procedures developed in other tasks, demonstrate full scale opera-
tions, initially using surrogates and later using Pu-containing glass but no radiological barrier.
Demonstrate process control and monitoring systems. Develop operational experience, charac-
terize product and compare to model, and modify unit operations and Process Control System as
appropriate.

Key Information Generated/Key Issues Resolved
¢ demonstration of compatibility of unit processes
¢ demonstration of lack of Pu or neutron absorber segregation in product glasses

Determination of Proliferation Resistance of Plutonium Glasses
Prior to implementation, it is important to demonstrate that Pu glasses meet the spent fuel stan-
dard. '

Project Objective
To document the proliferation resistance of candidate Pu glasses.

Project Description

Process flow sheets for dissolution and recovery of Pu from vitrified immobilization forms will
be determined. Time and cost estimates will be made. Limited validation testing will be per-
formed.

CERAMICS TECHNOLOGY
Two different immobilization alternatives based on ceramics technology are under consideration:

1. Ceramics Greenfield site (Internal Radiation Barrier)
2. Ceramics External radiation barrier (Can-in-Canister)

The logical relationships of key milestones for the ceramic alternatives are shown in diagrammatic

form in Figure 7. A critical concern relates to whether a ceramic can be formulated that meets the
processability and performance requirements
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Figure 7. Ceramic Immobilization - Key Milestones
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Development and Characterization of Optimized Ceramic Formulations for Plutonium
Immobilization

The specific ceramic formulation selected will strongly influence the design and cost of the im-
mobilization facility, as well as the extent of characterization necessary for facility and immobili-
zation form licensing, with a direct impact on implementation schedule. For example, the maxi-
mum allowable Pu loading, which will be set by the limits of process safety and long term per-
formance, may determine facility size and throughput.

Project Objective ,

To formulate, through testing and analysis, a Pu-containing ceramic optimized for safety, per-
formance, processability, and cost effectiveness. To achieve adequate understanding of the ce-
ramic's behavior, both during processing and at long times, so that Title 1 design can be initiated.

Project Description

Detailed ceramic requirements for both processing and long term performance will be documented
with all relevant agencies and departments Guided by existing data and analysis, a range of ce-
ramic formulations will be prepared and characterized for Pu solubility, the influence of required
additives such as neutron absorbers, tolerance for process and compositional variations, proc-
essability, resistance to radiation damage, and long-term chemical durability. Models for Pu
processing parameters and release rates will be developed and used to optimize the formulations.
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These formulations will be characterized, material response models modified as necessary, and
long-term performance testing initiated. This effort will be closely coupled with the Processing
and Equipment Technologies effort to insure that candidate formulations meet processability and
process safety requirements. Completion of this task is not required prior to beginning Title 1
design.

Key Information Generated/Key Issues Resolved

e Pu solubility as a function of ceramic composition

e neutron poison solubility as a function of ceramic composition

e physical and chemical requirements for feedstocks

e effect of radiation damage on stability of immobilization form

e composition of final immobilization form information needed for long-term degrada-
tion/radionuclide release models

e relative release rates of fissile materials and neutron poisons

Process Development, Controls, and Equipment Technologies

Immobilization using ceramics with large weight fractions of Pu has never been implemented in a
production setting. Optimization of the facility for safety, performance, ES&H, and cost effec-
tiveness will require background development for feed stock preparation, process flow, calciner
and press design, material accountability, and process and criticality control. These efforts will
work in close concert with the Ceramic Formulation R&D task.

Project Objective

To understand facility unit processes and production flow well enough to optimize facility and
equipment design, performance, and cost effectiveness (while maintaining adequate safety and
performance margins) during Title 1 and 2 design.

Project Description °

Glove box scale operations will be set up, evaluated and modeled for each unit operation. Proc-
ess schemes will be developed, analyzed and, possibly, tested comparing wet and dry melter feed
streams. The effect of impurities in feed materials on ceramic processability will be evaluated,
and if needed, preprocessing procedures established. For the greenfield alternative, the process
for converting *’CsCl from Hanford to an acceptable feed for ceramics will be demonstrated and
off-gas handling approaches developed. In combination with ceramic formulation efforts and nu-
clear criticality analysis, calciner and press designs will be evaluated and modifications proposed.
A Process/Product Control System will be developed consistent with the ceramic processability
models determined in the formulation effort. The technology for tracking accountable materials
will be demonstrated.
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Key Information Generated/Key Issues Resolved

e determination of whether to use a wet or dry Pu feed

‘e demonstration of process for converting *’CsCl and other potentially incompatible feed mate-
rials to suitable form

e establishment of processing requirements on ceramic formulation development of process
criticality control, process quality, and materials accountability systems

e processing equipment (e.g., hot press, calciner, slurry tank) design

Pilot Facility for Immobilization of Plutonium Using Ceramics
Prior to completing detailed facility design, it is essential to demonstrate that the full scale (glove
box) processes and control strategies work together seamlessly and predictably. For these op-
erations will culminate in the pilot-scale production of Pu-containing ceramics with surrogates
used in place of the radiation barrier materials.

Project Objective
Demonstrate the integration of the slurrying, calcining, and hot-pressing operations needed to
make Pu-containing ceramic immobilization forms using realistic equipment and procedures.

Project Description

Using facilities and procedures developed in other task demonstrate full scale operations, initially
using all surrogates and later using Pu and non-radioactive surrogates for the radiation-barrier.
Demonstrate process control and monitoring systems. Develop operational experience, charac-
terize product, compare to models, and modify unit operations and Process Control System as
appropriate.

Key Information Generated/Key Issues Resolved
e demonstration of compatibility of unit processes
e demonstration of homogeneity of materials in the slurrying and calcination processes

Proliferation Resistance of Plutonium Ceramics
Prior to implementation, it is important to demonstrate that Pu ceramics meet the spent fuel
standard.

Project Objective
To document the prolifération resistance of candidate Pu ceramics.

Project Description

Process flow sheets for recovery of Pu from ceramic immobilization forms will be determined.
Time and cost estimates will be made. Limited validation testing will be performed.
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Session Chair for Introductory Session:
Jill Lytle, US DOE, Office of Environmental Management
Tuesday, December 12, 1995; 8:30 am

Question / Comment 1:

Rob Einziger, Pacific Northwest Nat’l Lab

You mentioned in your talk the need to develop new tools to handle the plutonium. Does the
Department have the funds to develop these new tools and what methodology will the
Department employ to encourage the development of these tools?

Answer: :

Tom Grumbly, US DOE, Office of Environmental Management

Good question. In our 97 budget request, which will be the tightest budget request that has gone
to the hill in a long time, you'll see an initial emphasis on the development of some new
technologies to help us deal with plutonium. As we speak, we're working on moving forward to
stabilize some of the miterial at Savannah River and to include in that stabilization process, the
development of a small pilot scale vitrification plant. I think we're going to have to make larger
investments over the next three or four years. The nature of those investments, I might add, will
come out of meetings like this over the next year as we develop the rest of our budget for the rest
of the century.

Question / Comment 2:

Arjun Makhijani, Institute for Energy and Environmental Research

This question is for Mr. Hurt. You outlined a daunting set of problems at the Savannah River
Reprocessing Plant: they are aging facilities that will need a lot of training, and may be prone to
accidents and so on. You recognize there are some problems. But I would like to know what
safety studies the DNFSB did, or commissioned, to come to the conclusion that operating the
canyon at Savannah River would be safer than storing the fuel as it is, or even better, putting it in
cans the way they did at Hanford in 19807 Also, why you thought it would be quicker and safer?
Finally, would you be willing to share these studies with us?

Answer:

Davis Hurt, Defense Nuclear Facilities Safety Board

We have published a technical report on that subject that’s available, called DNFSB/TECH 7.
This report focused on the question of what we thought the problems would be with continued
wet storage of the fuel. Have you seen that report?

Makhijani:

I know the problems with continued wet storage, but did you (DNFSB) compare them with
problems of (red-oil) explosions in reprocessing or a fire in the island storage tanks, from
degrading high-level waste?
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Hurt:

I think the report made some high level comparisons like that similar to those you described. It’s
available, and if you give me your address, someone on our staff will send it to you. I don’t
think the board has claimed to know what is the absolute right answer. When the DOE
implementation plan for the DNFSB recommendation 94-1 was made about a year ago, DOE
proposed to use both canyons at Savannah River to deal with the variety of fuels and other
materials that required stabilization. Now, that’s my understanding of DOE’s plan as of today,
unless something happens.

Makhijani:

Are you satisfied with the DNFSB recommendation that to operate the reprocessing plant is
really unequivocally a safer option than the others? Have you thoroughly studied this question
before making a recommendation?

Hurt: .

Well, the DNFSB did not specifically recommend operating the plants. We recommended
stabilizing these fuel materials within 2 - 3 years. The Department told us that they would do
that by operating these plants and we said okay. Those plants, if they’re restarted, will be subject
to other board recommendations on safe restart of the facilities, on authorization basis, and on
other things. Now, you probably know, as well as I do, that there is change in the air about what
facilities at Savannah River might be restarted. I don’t know which, but, we could ask Mr.
Grumbly, if he were still here. [Editor’s Note: Tom Grumbly had to leave early for another
engagement] I don’t know what his plans are, but the Board, when they heard about the possible
changes, said we still feel that it’s not safe to leave that fuel in wet storage, and we feel as
strongly about that as before.

Makhijani:
I just want to make a comment that I didn’t read the report you referenced.

Question / Comment 3:

Larry Penberthy, Penberthy Vitrification, Inc.

I have been working with vitrification technology for a long time since my days with Eastman
Kodak in the Optical Division. I first started melting glass electrically, in 1949. I now process it
world wide, 16 million tons of glass a year. Grumbly mentioned “Public” participation. What I
want to emphasize is that there should be “Industry” participation. Industry has a great deal of
information about vitrification glass and the processing technology based on it. What I have here
is some glass made with Hanford sand, basaltic sand, and it has in it 2% samarium oxides as the
surrogate for Pu, and 1% cadmium oxide as a neutron absorber. It’s got a little bit of uranium in
it so that people can’t say, “Well, that’s just black glass that came from the hardware store.”

This is fresh glass made only a couple of weeks ago. The point is, that we need to have a stable
glass, and industry knows very well, based on my publications in 1973, that boric oxide in glass
makes it soluble. Boric oxide makes a glass, and so does silica, but silica is four valent and the
boric is three valent and it does not make a continuous network. The alkali borate separates out
as phases and is very well illustrated in chapter 4 of that book. There is no reason forusto
continue to think that borosilicate glass is a stable form for Pu. Thank you.

76



Question / Comment 4:

Marilyn Meigs, BNFL

I thought this was going to be a technical workshop on methods of immobilizing plutonium, but
so long as the debate has been opened up to immobilization and MOX use, I’ll open it up to
policy issues such as nonproliferation objectives. I just wanted to comment that I really don’t
think that the U.S. decision on disposition of U.S. plutonium (excess weapons plutonium) has
any effect on nonproliferation objectives world wide. There are ways that the U.S. can and is
influencing non-proliferation objectives, but I don’t think this is one of them. I think no matter
what the U.S. does with its material, the civilian nuclear fuel industry will continue doing a good
job and doing things as they see fit. I think the Russians will make their decisions based on their
own perceptions and may or may not, hopefully will not, be influenced by the what the U.S.
decides. In any event, %hatever the U.S. decides, BNFL is willing to help in any way it can. It
has a mature industry, thank God, that the rest of the world ‘will stop reprocessing in this country
and we have a lot of technologies both for MOX and in immobilization. We are helping, as
Leonard Gray said, in that we will do whatever we can to support the decision, but
immobilization makes sense from many perspectives. Thank you.

Answer:

Jill Lytle, US DOE, Office of Environmental Managment

I do want to emphasize that although there are obviously some strong feelings among both the
participants here and outside, on the policy issues, we are trying to concentrate on the technical
issues at this conference and to focus on what we can do collectively as technical people to
contribute, in a positive way, to these decisions. Obviously, there are going to be policy aspects
to the decisions, but we want to make sure that the technical side is robust and that we have good
technical information on the table when we’re debating the policy decisions. This is not going to
~ be the venue for that debate: the policy debate.

Question / Comment 5:

Paul, Pacific Northwest Laboratories

Besides the Pu issue, there is also another big problem out there, and that is the area of DOE
spent fuel that’s in storage basins in all sorts of forms. Studies have shown a lot of that fuel may
have to be processed in order to be economically disposed. What is being done to integrate these
2 programs so we can handle these issues and not reinvent the wheel?

Answer:

Jill Lytle, US DOE, Office of Environmental Managment

I think I’1l take that one on since I have the pleasure now of being in charge of the program that
manages both of those issues. I recently moved from the position of directing the waste
management program including Spent Nuclear Fuel (SNF) to this new position in Nuclear
Materials and Facility Stabilization. I brought the SNF with me. So now these two programs are
together. They are also together in the DNFSB 94-1 recommendation. They wisely saw this as
part of a larger picture of the various materials that need to get stabilized in the short term and
also dealt with in the long term. So I appreciate your comment. We are trying to get these two
pieces much more integrated in our technology programs, and also in our analysis and strategic
planning.
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Questions / Comment 6:

<Questioner not identified>

Dr. Moore, when you mentioned lack of public participation, I was wondering, what ideas do
you have in enhancing and encouraging public participation, and also, in extending invitations to
the public and the Agencies responsible for deciding technical issues?

Answer:
Leroy Moore, Rocky Mountain Peace Center
I have the impression that DOE is an organization that hardly knows what its doing inside itself.
The left hand doesn’t know what the right hand is doing. I’'m glad to hear the response to the
last question, which indicates that there’s some integration. I think that DOE needs to take
seriously its commitment to public participation and to make sure that when an event like this
happens, that members of affected publics from all around the sites are present. These people are
wise, because they are affected and have many questions, only some of which I can begin to get
up here today. I don’t think a meeting like this should happen without some of these people
being present. I know several people really wanted to be here and there was no means for them
to do so. As for other kinds of things, I think that the principal vehicle we have at Rocky Flats
for public participation is the Rocky Flats Citizens Advisory Board. It is only one medium that
we have there. There are others and those need to be taken full advantage of. It’s not simply a
matter of being in the room. That's new of having conversations between people that not so long
ago weren’t talking to each other, hardly knew each other, and were often speaking past each
other. It’s also a matter of paying attention. I could give you numerous examples from Rocky
Flats of the things that the public said that were not being paid attention to and that’s
bothersome, because that’s inefficiency of the worst possible sort. When the public responds
again and again and isn’t heard, it's not going away and even the problems are not going to go
away. We’re in the situation that we are in today because a technical freeze craft in the U.S. that
brought us to this place. I know I’m speaking to the religious group right here right now. This is
the most religious meeting I have been to in a long time. I am speaking to the priesthood. Now,
I admire your technical competence enormously, and I really want to learn from you and I enjoy
very much the opportunity to get to do so, but its very important that the non technical persons
that carry within their bodies the effects of your work are constantly paid attention to so that they
get to be heard and that they have at least some participation in the decisions that are being made.
I knew that question was going to come up and I’m not sure that my answer is very good, except
we need more of it. Thank you.

Jill Lytle, US DOE, Office of Environmental Managment

Thank your very much, we obviously have a challenge both to rise to the occasion both on the
technical side and on the issue of making sure our decision making includes the public interests
groups and everyone who really has a lot to contribute to these decisions. We will try to do
better in the future. I want to thank you, all of you, for your participation, in particular to the
members of the panel for a very good introduction to this conference and in the next three days.

DISCLAIMER

The views expressed in this report are those of the author(s) or the individuals identified as
making the remarks, and do not necessarily reflect any biases, proposed actions, or decisions of
the United States Government or any agency thereof.
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Materials and Conditions Opening Remarks
Ken Scheffter, Westinghouse Savannah River

This is the first technical session in the conference. The conference talks this morning were non-
technical, but this is what we came for, these sessions. I am employed by Westinghouse
Savannah River Company, but I am on temporary assignment with DOE here at Headquarters in
Germantown in DP-22, which is the Office of Materials Management. I am also sharing time
with EM-63, which is the Office of Material & Facility Transition, that governs and watches over
the Savannah River Plant. My role here, this afternoon, will be to introduce the speakers; and we
have three of them.

The Materials and Conditions session is the topic at hand, and what I would like to do first is to
give you a starting point, so to speak, on the amounts of plutonium that are at sites in the U.S.
that we are going to be considering here. This slide is the same basic map of the US that one of
the speakers Dr. Gray, I believe, displayed. It gives you an idea, just an idea of the unclassified
, inventory as of September 1994, the last reconciled inventory that we have, and gives you a

flavor of the types of materials about and the amounts we are talking about. The technical talks
won’t necessarily go into detail on the amounts. These numbers are just to orient your minds to
what we are talking about with plutonium.

Next, I want to state a disclaimer about any positions that the speakers might be taking, or are
apparently taking, or you perceive them taking. This is a technical workshop, as has been stated
before, and especially for any Department of Energy speakers or DOE contractors, it is especially
important to realize that nothing that they say should be taken as a Department of Energy
position on any of the issues at hand at this point. There is another process out there the NEPA
process, that is in progress to rigorously make decisions and that is not the intent of this forum. I
want to make sure that is clear. There is nothing that is said that will indicate that a particular
option has already been chosen or a decision has been made. Also, the expressed views of the
individual speakers do not necessarily represent the DOE positions

Next are some agenda changes. The final conference schedule that you have in your hand shows
four presentations. However, we only have three papers. The paper "14 Tons and Deeper in
Debt" will not be presented. So, we are going to allow the Russian gentleman to extend his talk
a few minutes because of the translation. Then, we will just move up the whole rest of the day,
as we can, by these speakers doing their job and the timer doing her job to keep this rolling. We
might be able to get to the break a little sooner.

Finally, the objectives of this session--Materials and Conditions presentations. The papers will
relate to the following topics, and the question and answer session afterwards will also be
addressing these topics. The first paper will discuss chemical and physical forms of materials
that have been in storage, and will cite both normal examples of the materials and their
conditions in storage, and exceptions to the norm. There will also be application of the lessons
that we have learned from storing these materials in the past years, and up to and including the
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present. We are going to review the present state of technology for stabilization of residues.
That will be the second paper. The final paper will be the handling of some of those residues
from the perspective of the Russian contingent.

During the question and answer session, make sure that as you walk up to the microphone, you
identify yourself clearly, and also speak your question clearly and slowly for both the translations
and for me, the session chair. I have to summarize the question and answer session into a one-
page sheet that we can put into the published proceedings for this Workshop. Thank you very
much for your attention. |

DISCLAIMER
The views expressed in this statement are those of the author(s) and do not necessarily reflect any
biases, proposed actions, or decisions of the United States Government or any agency thereof.
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. Plutonium Storage Phenomenology

Richard Szempruch
Westinghouse Hanford Company
MSIN T5-50
PO Box 1970
Richland, WA 99352

ABSTRACT

Plutonium has been produced, handled, and stored at Department of Energy (DOE) facilities since
the 1940s. Many changes have occurred during the last 40 years in the sources, production
demands, and end uses of plutonium. These have resulted in corresponding changes in the isotopic
composition as well as the chemical and physical forms of the processed and stored plutonium.
Thousands of ordinary food pack tin cans have been used successfully for many years to handle and
store plutonium. Other containers have been used with equal success. This paper addresses the
chemical and physical forms of plutonium in storage and presents examples of the norm and
exceptions to this satisfactory experience. To aid in understanding the challenges of handling
plutonium for storage or immobilization the lessons learned from past storage experience and the
necessary countermeasures to improve storage performance are discussed.

HISTORY OF PLUTONIUM PROCESSING AND STORAGE AT THE DOE SITES

The original mission of the DOE plutonium sites was to supply plutonium metal for national
defense. Plutonium was produced by uranium irradiation in nuclear reactors and irradiated fuel
elements were processed in chemical separations facilities at Hanford and Savannah River to
separate the plutonium from fission products and remaining uranium. The plutonium portion or
product of the separation facility was a nitric acid solution of plutonium. Direct pipe transfer or
heavy-wall stainless steel containers were used to handle and transport this solution to other facilities
where the plutonium solution was converted to metallic plutonium. Urgent demands for large
quantities of plutonium metal during the 1940s and 1950s limited amount and time plutonium was
held in storage. Food pack type tin cans and other containers saw relatively short-term (i.e., weeks
or months) use as a package for plutonium transport and short term storage of metal product.
Production residues stored in such containers, however, were typically stored for longer periods.

In the 1960s, plutonium processing started to change in several ways. Demands for plutonium metal
declined while research in power reactor technology indicated that plutonium in the form of
plutonium dioxide could be used in place of fissionable ***U in power reactor fuel. Later, breeder
reactor research showed how to utilize plutonium oxide as a fuel for breeder reactors. A new
product form, a fine powdery oxide, joined the traditional product form of a single metallic piece
weighing about 2 kilograms. Demands for the oxide powder form increased from grams to
kilograms to thousands of kilograms. In the late 1960s and 1970s the Hanford plutonium facilities
provided almost all of the plutonium oxide used in this country. This included thousands of
kilograms for several Fast Flux Test Facility (FFTF) cores.

The declining demand for metallic plutonium initiated interim and finally long-term storage of the
metal. Some metal has been in storage over 25 years. Production strategies for the oxide dictated
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scheduling production between metal production campaigns and a degree of overproduction to allow
for process losses, out of specification product, and ability to fulfill unanticipated requests for
kilogram quantities of plutonium oxide for research efforts. Storage of oxide product prior to
sh1pment as well as production overrun material became common.

In the 1960s the Hanford plutonium facility was provided with plutonium scrap recovery capability.
Plutonium scrap from military application research and virtually all from commercial and breeder
reactor research was returned to Hanford for recovery of the plutonium. This scrap, which had a
wide variety of chemical and physical forms, was added to the growing inventory of plutonium
metal and oxide being stored at Hanford and other sites. Cans stored soon numbered in the
thousands. Radiation levels and ambient temperatures in storage vaults increased.

Vaults such as the typical pedestal storage vault shown in Figure 1 were used to store these cans.
Fundamentally, it is an open room with floor-to-ceiling vertical pedestals to which steel storage cups
have been welded. Cans of plutonium are placed in the cups for storage. A large storage vault
contains over a thousand storage positions. A later version of pedestal storage incorporated concrete
shleldmg around small groups of pedestals for radlatlon shleldmg of personnel is shown in Flgure 2.

Figm- 1 Open room storage vault
contains hundreds of storage positions for

food pack type cans. Personnel entering Figure 2 Newer storage vault design utilizes
this room are directly exposed to radiation concrete cubicles with concrete shielding doors to
from every can. reduce personnel radiation exposures.
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During the 1960s and 1970s other changes were taking place which would ultimately impact the
plutonium storage. The isotopic composition of much of the plutonium changed. The declining
demand for plutonium metal caused N Reactor production to be changed from nominal 6% *°Pu
weapons-grade plutonium to nominal 12% **Pu. The 12% *°Pu material as used for breeder
reactor research and in the FFTF cores. Commercial nuclear reactors and some government
experimental reactors produced plutonium with higher *Pu content which was commonly referred
to as fuels-grade plutonium. Much of this material has been stored in Hanford plutonium storage
vaults as metal, oxide, or scrap. Since the late 1980s many of the defense related plutonium
activities in the DOE have been shut down and the number of nuclear warheads reduced. This has
resulted in a buildup of large inventories of excess weapons grade plutonium metal and other forms
at Rocky Flats, Pantex and to lesser degrees at other sites.

PLUTONIUM CHARACTERISTICS

Plutonium is a mixture of isotopes with varying important physical properties (i.e,, those relating to
storage). The exact mixture of isotopes produced is the result of many complex physical
characteristics of .nuclear reactor hardware and operation as well as fuel cycle operations. Reactor
power level, length of fuel exposure, neutron flux energy spectrum and other factors influence the
production rates of the individual plutonium isotopes. Table 1 shows some plutonium isotopic
distributions which may be considered typical and illustrates the wide distribution of plutonium
isotopes.

TABLE 1. Plutonium Isotopic Mixtures.

Weight Percent _T
Plutonium Type
#8py %Py 20py #1py 2Py
Weapons Grade 0.004 92.84 6.48 0.61 0.23
12 % 0.04 86.20 11.80 1.70 0.15
Fuels Grade 1.40 70.12 15.67 10.70 2.10
High Exposure or 0.57 65.08 23.36 7.66 »3.34
Reactor Grade | ) f

The mixtures shown in Table 1 are listed in order of increasing #*°Pu content. The %°Pu content is
the usual way that the general pedigree of the plutonium is characterized. Technically, no precise
line separates the types although certain **Pu levels have been administratively designated as cut-off
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Table 2 presents properties of the individual isotopes that are of interest in plutonium handling and
storage. .

TABLE 2. Properties of Plutonium Isotopes.

" Property 8Py 25Pu 240py Uipy %Py

| Halttife years) | 89.6 24000 |6600  '|132 380,000
Principal means of | Alpha - Alpha Spontaneous | Beta Spontaneous
decay Fission Fission
Significant None None None 21Am None
daughters of decay
Curies per gram 17.0 0.061 0.22 112 0.004
Decay heat 0.56 0.002 0.007 0.003 0.001
(watts/gram)

Except for 2?Pu, each isotope has some attribute that is of concern in plutonium handling and
storage:

- 28Pu--high decay heat (0.56 watts/gram) must be dissipated
- 29pyfissionable material requires nuclear criticality prevention considerations
- 20py—relatively high spontaneous fission rate results in neutron exposures

- %1py__short half-life decay to *'Am which has high decay heat (0.12 watts/gram) and
high gamma radiation. '

In addition to the nuclear properties outlined, the physical and chemical forms of plutonium have
characteristics that also affect plutonium handling and storage. Based on experience gained in
successfully storing ton quantities of various forms of plutonium for decades and the lessons learned
from the relatively few incidents of less than adequate storage conditions, the behavior of plutonium
in storage is predictable. The following discussion and illustrations are intended to display the
breadth of plutonium characteristics that must be dealt with whether the plutonium will be stored,
stabilized or immobilized.
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PLUTONIUM METAL
o Very high density (about 19.4 g/cc) material.
0 Chemically stable in most finished product forms.

0 Somewhat pyrophoric if impurity content or decay heat is high. Can combine with
oxygen at ambient temperature to form plutonium oxide.

0 When reacted with hydrogen or carbon, unstable compounds can result.
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Figure 4 High decay heat of fuels grade Figure 5 Radiograph of 2 kilogram me
plutonium can result in high temperatures as ingot stored for 25 years in sealed food pack
evidenced by this charred label. cans shows little indication of corrosion.

Figure 6 Radiograph shows inner can filled Figure 7 Metal piece removed from can
with oxide from corrosion of this metal piece. shown in Figure 6. The cans were not
Note irregularity of top surface of metal. properly sealed allowing air to enter and

oxidize nearly 25% of the metal in 4 years.

PLUTONIUM OXIDE
o Density typis:ally about 2 gm/cc (theoretical 10.3 g/cc).
0 Dispersibility spans a wide range from fine powders to pressed pellets
o Hygroscopic.

o Impurities may result in generation of gases due to radiolysis.



Figure 8 Product and some scrap plutonium oxide Figure 10 Slight bulging of can end

Fiéure 9 Some oxide is in th form of
pellets of varying quality depending on
previous fabrication or testing steps.

%

L3

is typically a fine dry appearing powder. Hundreds plates indicated internal pressure of about

of cans of product oxide produced at Hanford and 3 psig prompting this can to be opened.
other sites have been stored for over a decade After several years in storage the plastic
without incident. bag still holds pressure.

PLUTONIUM SCRAP AND RESIDUES

o)

Properties span the range of plutonium metal and oxide identified above.

May include foreign matter which may be chemically inert or chemically reactive.
This can lead to container corrosion or pressurization.

Exact chemical composition or impurities sometimes not known.

Chemical reactivity of scrap can cause the material to be pyrophoric or release
flammable or explosive gases, such as hydrogen and oxygen.



powders, pellets or other physical forms. In
this container pellets were found in the
powder oxide.

Figure 13 Tools, in this case a broken
hacksaw blade, used in gloveboxes
sometimes are found in residue containers.
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Figﬁre 12 The phyical form of residues may
be clumps of a wide range of sizes and
brittleness.

Figure 14 Non plutonium materials are
sometimes found in glovebox residues. This
material was screened from about a kilogram
of oxide powder.




Figure 16 This burned bag was the result of spontaneous ignition of
residue materials that occurred minutes after the can containing the

plutonium residues was bagged out of a glovebox in 1980.

; 7,
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LESSONS LEARNED AND CORRECTIVE ACTIONS
Table 3 is a summary of the lessons learned from unsatisfactory storage or packaging conditions.
Implementation of the corrective actions have been successful in. precluding similar occurrences.

TABLE 3. Summary of Lessons Learned and Corrective Actions

Lessons Learned

Corrective Action

Size increase of oxidizing plutonium metal
can be sufficient to rupture cans.

Plutonium metal overpacked in can large
enough to accommodate complete oxidation
of largest metal piece handled.

Personnel can become contaminated by
walking into a vault where a can has
ruptured.

Storage vaults equipped with continuous air
monitors.

Poor can seals will allow oxidation of
plutonium metal to continue to
completion.

Can seal inspection procedure and canning
machine preventative maintenance
implemented.

When plutonium metal oxidizes, inner
containers can rupture without an outer
container appearance change.

Periodic weighing instituted to detect
oxidation.

If properly sealed, tin cans will bulge when
pressure builds up.

Straight-edge bulge test instituted to detect
pressurizing containers well in advance of
dangerous can deformation.

Plutonium oxide containing moisture or
impurities can pressurize cans to the point
of rupture.

Glovebox storage mandated for all
materials suspected of being capable of
causing pressurization. Thermal
stabilization and weight loss on ignition
testing criteria established.

High decay heat can degrade plastic bags
and can seals allowing oxygen to enter to
sustain oxidation of plutonium metal.

Limits established on decay heat of
plutonium stored in tin cans. Plastic bags
are not relied on to exclude oxygen.

Misidentification of material can allow
storage in cans incompatible with the
material.

Rigid material identification requirements
have been imposed. Monthly visual
container inspection program instituted.
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DISCLAIMER
The views expressed in this paper are those of the author and do not necessarily reflect any biases,
proposed action, or decisions of the United States Government or any agency thereof.
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ABSTRACT

The goals for plutonium management have changed dramatically over the past few years. Today, the
challenge is focused on isolating plutonium from the environment and preparing it for permanent
disposition. In parallel, the requirements for managing plutonium are rapidly changing. For example,
there is a significant increase in public awareness on how facilities are operated, increased attention to
environmental, safety and health (ES&H) concerns, greater interest in minimizing waste, more emphasis
on protecting material from theft, providing materials for international inspection, and a resurgence of
interest in using plutonium as an energy source. Of highest concern, in the immediate future, is
protecting plutonium from theft or diversion, while the national policy on disposition is debated. These
expanded requirements are causing a broadening of responsibilities within the Department of Energy
(DOE) to include at least seven organizations. An unavoidable consequence is the divergence in
approach and short-term goals for managing similar materials within each organization. The technology
base does exist, properly, safely, and cost effectively to extract plutonium from excess weapons,
residues, waste, and contaminated equipment and facilities, and to properly stabilize it. Extracting the
plutonium enables it to be easily inventoried, packaged, and managed to minimize the risk of theft and
diversion. Discarding excess plutonium does not sufficiently reduce the risk of diversion, and as a
result, long-term containme]nt of plutonium from the environment may not be able to be proven to the
satisfaction of the public.

INTRODUCTION

As aresult of the Strategic Arms Reduction Treaties and unilateral offers and agreements made by
Presidents Bush, Gorbachev, and Yeltsin, the United States and Russia will retire many thousands of
nuclear weapons within the next decade. This will remove many metric tons of plutonium from military
control. Plutonium is one of the essential elements of nuclear weapons, and physical controls on the
access to plutonium historically have been the primary barrier to theft and proliferation of nuclear
weapon material. Not so obvious today is the fact that surplus plutonium also exists in the form of raw
metal and oxide, residues, transuranic (TRU) and low level waste (LLW), contaminated facilities and
equipment, and spent nuclear fuel (SNF), each of which also represents a significant source for
diversion. With the end of the cold war, the management of these categories of materials is fragmented;
and, consequently, they are at increasing risk for loss of management control.
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A recent National Academy of Sciences study on the "Management and Disposition of Excess Weapons
Plutonium"! is quoted as saying that, with regard to the weapon-related materials: "The existence of this
surplus material constitutes a clear and present danger to national and international security." This
report defines the need to safeguard and more comprehensively manage surplus inventories until
permanent disposition options can be selected. The state of technology to address this inventory will be
explored.

DISCUSSION

Recently, numerous studies have been published concerning the management of plutonium.!# This fact
indicates the keen interest that the international community places on managing this material safely and
properly. Over the 50 years since its discovery, the main use for plutonium in the U.S. has been in
national defense. A second major use has been as an energy source in advanced fuel programs. At the
time of the discovery, all plutonium work was conducted under self-imposed secrecy, as a result of the
recognition that it was possible to produce a powerful explosive through the rapid fissioning of
plutonium by neutron bombardment. This precedent was maintained during the cold war, and very little
actual information concerning the use and inventories of weapons plutonium was published. Numerous
physical security measures were deployed to protect against the diversion of either information or the
actual material outside the nuclear weapon community. This was accomplished fairly easily because all
the material was handled under the jurisdiction of the Department of Energy Office of Defense Programs
(DOE/DP), and Office of Nuclear Energy (DOE/NE).

The New Requirements

The end of the cold war has brought about a significant change in how plutonium inventories are
managed. First, the Secretary of Energy began an initiative to increase the quality of ES&H
management within Department facilities.> This step exposed the nuclear defense community to a
broader range of oversight organizations, most of which are outside the Department. At the same time,
Congress established the Defense Nuclear Facilities Safety Board (DNFSB), with the charter to evaluate
the performance of the Department of Energy (DOE) in the execution of its safety and health
obligations.6 This became a very public vehicle for bringing scrutiny on the Department's nuclear
operations. Congress and the Department established the Office of Environmental Remediation and
Waste Management (DOE/EM) with the charter to clean up excess cold war nuclear facilities and sites.”
This resulted in the transfer of a significant amount of plutonium to the new DOE/EM in the form of
residues, waste, and contaminated equipment and facilities. The DOE/EM Office is heavily involved in
the privitization of facility clean up functions, and most of the new contractors are unaware of the
historical basis of nuclear material management. The Secretary announced the "Openness Initiative"
wherein previously classified information was released for public consumption. This included the
disclosure of quantities of plutonium that exist in the defense inventories.? Congress recognized the fact
that plutonium would become an inventory challenge and initiated the DOE Office of Material
Disposition (DOE/MD) to evaluate permanent disposition options for excess weapons materials. An
additional dimension to the charter of DOE/MD was the opening of relations with the Russian
Federation and the discussion of plutonium management.® In 1995, the President announced that the
U.S. would place 200 metric tons of special nuclear material under the International Atomic Energy
Agency (IAEA) safeguards program.!0 This action exposed the DOE facilities to the potential for
international safeguard controls over material. During 1994, two weapons DOE Complex-wide
plutonium safety assessments were made; one by the DNFSB and the other by the Assistant Secretary
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for Environmental Safety and Health.!1. 12 The latter assessment resulted from a 1993 Presidential
initiative on nuclear nonproliferation and DOE's effort to develop strategies for the eventual disposition
of excess fissile materials.!213 Both of these assessments identified the imminent dangers to workers,
environment, and the public associated with the ever-deteriorating state of nuclear material packages,
infrastructure, and nuclear facilities. This list of significant changes and actions has generated an
increasingly more complex list of requirements for material management and facility operations.
Globally, the new requirements include:

L.

Theft protection of materials -- The DOE published a minimum set of requirements and procedures
for the control and accountability of nuclear materials.!4 In addition, a set of international standards
has been proposed concerning storage, protection, and accountability of spent nuclear fuels in
surface and geologic storage.

Long-term ES&H management -- The DOE strengthened the role of its Office of Envirnoment,
Safety and Health (DOE/EH) in performing its self-assessment responsibilities and has engaged
other government organizations in jointly performing ES&H oversight to include the Environmental
Protection Agency (EPA), Occupational Safety and Health Administration (OSHA), and others.

Cost of Material Management -- The Department is embarking on the development of a uniform
approach for the packaging and storage of excess nuclear materials and has published a standard for
the handling of materials that have a plutonium content of >50%.15 The Department is also working
on a packaging and storage standard for lower-concentration materials.

Waste Management -- Tlhe responsibility for the management and minimization of waste is
distributed among a number of offices. Managing the source-term for materials considered for
discard is the key to controlling the release of plutonium to the environment. The EPA, as well as
state and local agencies, also have a role in the management, handling, transportation, and disposal
of mixed waste. :

Military Applications and Nonproliferation -- Nuclear weapons continue to represent an aspect of
national defense. The control of nuclear weapon technology and information, as well as the
identification of the spread of such technology, is essential.

Energy Production -- Countries having nuclear capability are evaluating the use of excess plutonium
and enriched uranium in future power production. A number of national studies have evaluated this
approach and support it.123 The current policy of the U.S. is not to reprocess and recycle spent
nuclear fuels.

National Policy -- The national policies concerning the use of plutonium in the fuel cycle, disposal of

" plutonium, control of weapon information, and other aspects of the problem, are being considered

and debated. Understanding and managing these policy changes is an essential requirement.

These requirements are the major issues that are changing the organizations involved with and the
approaches to managing nuclear materials. Establishing a uniform basis for managing these materials
must take into account these requirements. Whereas in the past, plutonium was managed by the
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DOE/DP and DOE/NE, the significant changes discussed above have caused a rapid distribution of
responsibility to include as many as seven DOE organizations, thus exacerbating the problem. Figure 1
shows the various organizations who have responsibility over materials, technology, information, and/or
operations involving nuclear materials. The X5 in the table indicate where each organization plays a role
in implementing the various requirements. The very fact that so many Xs occur indicates the need to

develop a uniform policy and approach for nuclear material management.

Program Requirements for Nuclear Material Management

Organization Theft ES&H | Waste Cost | Military | Energy Policy
DOE/DP X X X X X X
DOE/NE X X X X X
DOE/EM X X X X X
DOE/MD X X X X X
DOE/NN X X X X X
DOE/EH X X X
DOE/PO X X X X X X X

Figure 1. Department of Energy organizational relationship versus program requirements for
nuclear material management.

Of the new categories of requirements, the one involving the greatest concern is the Theft (anti-theft)
requirement. In an effort properly to evaluate this category, the DOE Order on the Control and
Accountability of Nuclear Materials!4 can be used to express the forms of plutonium according to their
theft attractiveness. Figure 2 is extracted from the DOE Order in terms of the Attractiveness Categories
and the materials categories. On the far right side of the figure are listed the typical materials existing
within inventories and how they are categorized within the definitions of the DOE Order. From a theft
and proliferation standpoint, weapon assemblies and components are the highest and are therefore noted
at level A in the figure. Plutonium pits, freshly separated plutonium metal and oxide, and recycled metal
and oxide are slightly lower in attractiveness, and therefore fall into attractiveness level B. Residues,
unirradiated fuel and some TRU wastes fall into attractiveness level C. SNF and most (TRU) waste both
fall into attractiveness level D. Finally, HLW and LLW fall into the lowest level of attractiveness, level
E. Added at the bottom of the figure, although not specifically noted in the DOE Order is a category
titled "other". Within this category exists material such as Nevada Test Site Debris. Although this is
relatively difficult to obtain, never the less, it represents a source of plutonium for theft or diversion. In
fact, in the old test locations, materials have cooled sufficiently such that nuclear materials are relatively
desireable.

The plutonium weapon components, separated metal and oxide, and small portions of the residues are
currently under the jurisdiction of the DOE/DP and are managed in a fashion consistent with national
defense security guidelines. Similarly, the storage, protection, and accountability of SNF falls under the
jurisdiction of the JAEA and the DOE, and is managed in a consistent fashion. It is the materials that
fall in the categories of residues, TRU waste, and LLW that are managed in a number of organizations
and that have less of an integrated focus. Of particular concern is the fact that the American Nuclear
Society Special Panel on Protection and Management of Plutonium3 reported that SNF is a continuing
proliferation risk, that burial of SNF is not adequate to protect it from proliferation, and that SNF
becomes more attractive over time because of the die-out of short-lived daughter products. These facts
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were reinforced by Dr. Glenn T. Seaborg in his plenary talk to the American Nuclear Society on October
30, 1995.16 In looking at Figure 2 and in reading reference 3, one clearly concludes that if SNF
represents a continuing proliferation risk, then residues and waste (TRU and LLW) also represent a

Attractiveness Materials Categories 14 Typical International and
Level 14 DOE Materials
A Weapons: assemblies and test Weapon assemblies and some
devices components such as some pits.
B Pure Products: Pits, major Most pits, freshly separated
components, buttons, ingots, metal and oxide (IAEA) and
recastable metal, directly recycled metal and some oxide
convertible materials (DOE)
C High-Grade Materials: Carbides, Unirradiated fuel, Oxide,
' oxides; solutions >25 g/, nitrates, | Weapon Manufacturing
fuel elements, alloys. Residues, Some TRU Waste
D Low Grade Materials: Solutions 1- | Old Spent Nuclear Fuel, Some
25 g/l, process residues requiring | Weapon Manufacturing
extclnsive reprocessing, moderately | Residues, Most TRU Waste
irradiated materials .
E All Other Materials: Highly New Spent Nuclear Fuel, High
irradiated forms, solutions <1 g/l, | Level Waste, Low Level Waste.
Other * Difficult to access materials Nevada Test Site Debris

Figure 2. Nuclear Material Safeguards Categories. (* The 'Other" category is not specifically
an aspect of reference 14)

continuing proliferation risk. Therefore, consistency in nuclear materials management is becoming
increasingly important.

Consequently, it is worthwhile to look at the history of categorization of these materials. During the
cold war period, the United States hosted a program of nuclear weapon fabrication that included the
making of new plutonium in reactors and, simultaneously, the recycle of manufacturing residues. The
value of new plutonium was calculated based on the cost of nuclear reactor and separation canyon
operations. The cost of recycle was then compared to the cost of new plutonium, and a decision was
made concerning the discard of residues. Those with a cost of recovery that exceeded the cost of new
plutonium were categorized as waste and packaged for disposal. Those with a cost of recovery less than
new plutonium were saved for recycle. This concept was referred to as the "Economic Discard Limit."
In addressing the priority for residue recycle, the residues with large plutonium content, and therefore
most easily recovered, were selected for recycle first. The lower-concentration residues were stored for
future recovery. This approach was referred to as "High-Grading." The decisions were based on
available budget and not limited based on whether appropriate technology was available for processing.
Clearly this approach was flawed in that it is the lower-concentration residues that contain undesirable
characteristics and constituents that are today causing storage difficulties. These difficulties include
container failures, corrosion, pressurization, and general loss of containment.!?

101



Of special interest is the fact that the basis for discard of nuclear materials was based on an economic
evaluation and did not take into account the cost of waste management nor did it take into account the
cost of future safeguards. This means that the basis for Material Accountability and Safeguards and the
basis for discarding the material as waste were not coordinated. Therefore, some materials having a
realtively high attractiveness were not deemed recyclable and were discarded.

The New Goals, Taking Into Account The New Requirements

Clearly today, the goals for plutonium handling have changed dramatically. The focus of the past was
on the use of plutonium in nuclear weapons and advanced fuels, while the emerging needs revolve more
around the elimination of the current packaging hazards, as well as around the safe isolation and
stabilization of material. With regard to the excess residues, waste, facilities, and equipment, figure 3
illustrates this change in paradigm and, therefore, states the basis for the new goals.

Old Paradigm New Paradigm
o Pu had great value. o Puis a liability.
o Pu was purified. o Bulk residue is purified.
e Puis the product. o Bulk residue is the product.
e "Economic Discard Limit" Economy | ¢ "Zero" Hazard Discharge Economy
is practiced is practiced
e TRU waste was accepted. e Benign discharge is most desired.
o Exceptions were granted to rules. e Full compliance to rules is expected.

Figure 3. The paradigm shift in the management of plutonium.

In recognition of this new paradigm, DOE has abandoned the concept of "Economic Discard Limits"!8
and is in the process of preparing an approach referred to as the "Plutonium Discard Methodology"
(PDM), which takes into account a number of criteria including technology availability, waste
minimization, diversion risk, health and safety of processing, and cost.1° In addtion, the DOE is
preparing an approach for defining when safeguards provisions are to be terminated on discardable
nuclear materials.26 It is a concentration based:criteria and provides for an absolute concentration
calculation for safeguards termination. In order to evaluate the impact of this new paradigm, and both
the PDM and termination criteria, it is essential to evaluate the status of plutonium inventories and then
to evaluate the status of technology needed properly to address isolation and stabilization requirements.

Status of the Residues (The First Problem Area)

Many plutonium residues are complicated mixtures of different compounds. This means that
establishing and validating accurate accountability records and proper safeguards is difficult. In many
residues, there is little fissile content in large-bulk inventories of material. Therefore, handling and
packaging strategies are not obvious. Although the problems associated with plutonium residues were
recognized by the sites, there is now a heightened awareness within the DOE and a basis for action,
addressing the problems associated with the legacy plutonium residues within U.S. Defense Complex,
has been prepared.202! The significance of the residue problem is illustrated by the recently completed
plutonium ES&H vulnerability study!? which revealed that there are more than 50,000 at-risk packages
of plutonium stored in various configurations throughout the DOE Complex. Of the 26 metric tons
(MT) of plutonium identified as potentially at-risk during this assessment, most exist in a variety of
unstable and reactive solid matrices with varying degrees of ES&H vulnerabilities. For example, at
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three major locations within the DOE Complex, there are large quantities (more than 100,000 gal. total)
of solutions containing plutonium and other transuranics having high likelihood for causing
environmental contamination and worker safety problems. Figure 4 indicates the distribution of residues
around the DOE Complex.

Facility Total Number of Items
Rocky Flats Environmental Test Site 27,679
Hanford Reservation 8,404 *
Los Alamos National Laboratory 9,470
Savannah River Plant 3,794
Argonne National Laboratory (West) 2,360
Lawrence Livermore Nat'l Laboratory 2,299
Mound Facility i . 236
Argonne Nat'l Lab. East/New Brunswick ) 9,898
Oak Ridge National Laboratory 622
Sandia National Laboratories 117
Lawrence Berkeley Nat'l Laboratory 473
Total 65352

*Does not include equipment holdup and in-process solutions
Figure4. The number of residue items located at various DOE facilities.!2

Declaring these items as waste and directly disposing of them is being considered.2’ None of the current
fissile material is in a form that could be packaged directly for waste disposal and the U.S. has not yet
opened a TRU or HL W repository, despite decades of effort. Recent studies! conclude that direct
disposal does not adequately address the theft and diversion problems. These constraints suggest that it
could be prudent and economically attractive to separate the radioactive material from the bulk materials
and thereby provide a robust long-term storage form. To meet the standards that will be required for
long-term storage, current technologies?2 23 will need to be adapted and, in some cases, new
technologies will need to be developed to isolate plutonium. In addition, these technologies must be in
total compliance with the 1992 Federal Facilities Compliance Act and the 1993 Executive Order
mandating major waste reductions at all federal facilities25. 26, particularly with regard to TRU and mixed
waste generation. To ensure success, a technology base has to be maintained and new technologies have
to be developed and demonstrated to manage the inventories of fissile materials. Consequently, actinide
processing and handling technology, in conjunction with enhanced waste treatment technology, is
essential to the successful development of a national strategy for fissile material disposal. In particular,
developing criteria for suitable material storage forms and processes to produce these forms will enable
the proper decisions to be made.

1. Status of Technologies for Addressing the Residue Problem: There are demonstrated
technologies that can be immediately applied to reduce the short-term safety concerns resulting from
inadequately stored residues. Approaches must be considered for ultimate disposal of excess fissile
material. Fabrication into reactor fuel or immobilization in glass are two possibilities. No schedule for
implementation of fissile material disposition has been set by either Congress or by the Clinton
Administration. Because a national policy has yet to be formulated, long-term retrievability is required.
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Since much of the material is in solution form and in dilute degradable matrices, processing/stabilization
is required to prepare it for safe storage.

2. TRU Residue Processing: On the basis of our current knowledge of residues, only properly
prepared oxide and metal are considered suitable for long-term storage. Because oxide and metal are a
relatively small portion of the tesidue holdings in terms of net weight, an assessment was completed of
the entire residue inventory to identify vulnerabilities. The overall priorities for stabilization were
assigned as follows:

Ttems that present an, unusual radiation or release hazard;

Ttems that are corrosive and can breach their current containers;

Items that are combustible or can easily form combustible mixtures;

Reactive/unstable mixtures such as organics in contact with radioactive material, calcium metal,
or solutions in interim containers.

At Los Alamos, a multistaged sampling program, for vault holdings, was designed in an effort to assess
the status of packaging against the above criteria. Every container was visually inspected and handled in
order to evaluate container integrity. Suspect packages were removed from the vault shelves and
repackaged. In a second phase, 160 items were selected at random and totally unpackaged in order to
evaluate package integrity. In phase three, 220 old packages were selected in an effort specifically to
evaluate the effect of age on package integrity. Finally, every item that is brought up for processing
undergoes an evaluation for package integrity simultaneous with the actual residue stabilization effort.

All vault items are categorized, based on hazard reduction, for processing as shown in figure 5.
Therefore, the risk-reduction approach will be to process and stabilize these items so that they can be
properly converted to stable oxides for long-term storage.

Residue Category Identified Hazards Remediation Approach
Solutions Containment, Radiolysis, Criticality, Ion Exchange, Solvent Extraction,
Control of Solution Chemistry Precipitation, Direct Calcination
Salts
Pyrochemical Reactive Metals, Corrosion, Gas Oxidation, Reduction, Distillation
Generation
Sand, Slag, and Crucible | Reactive Metals, Corrosion Size Reduction, Pu Separation
Ash Radiolysis, Gas Generation Calcination, Pu Separation
Metals Oxidation, Radiolysis Repackaging
Oxides Radiolysis, Pyrophoricity, Dispersibility Calcination, Repackaging
Combustibles Radiolysis, Gas Generation, Flammability | Volume Reduction, Matrix
Destruction, Pu Separation
Noncombustibles Radiolysis of Packaging Materials, Gas Volume Reduction, Pu Separation
Generation

Figure 5. Processing approach by general category.

The goal is ultimately to isolate radioactive materials and other hazards from the bulk matrix; produce
only a LLW (or better) during processing; and to store the radioactive material in a safe, acceptable form
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pending final disposition. To accomplish this goal, we must be able to treat effectively the spectrum of
radioactive residues and to continue to develop and demonstrate enhanced recovery, stabilization, and
assay capabilities. As examples of the type of capability improvement, we continue to lower detection
limits for assay instruments and to develop residue processing operations for the improvement of the
actinide recovery efficiencies, using better separation and waste treatment technologies.

To eliminate these immediate corrosive and reactive hazards, several existing technologies have been
identified and can be implemented to reduce the risk involved with these residues. In order to reduce the
life-cycle cost of radioactive material management and the long-term liability of handling and storing
energetic materials, the final state of material must meet the storage criteria. The only proven method to
achieve this stability is to separate the plutonium or other radioactive material from the bulk matrix,
discard the bulk material as a certified waste form, and store the radioactive material as a metal or oxide.
In essentially all cases, methods exist for remediating residues. However, these methods were developed
and optimized to purify plutonium, rather than to produce a safe storage form with minimium waste.
Consequently, in order to meet the new goals, it will be desirable to adapt proven technologies for
plutonium separation and advanced waste treatment. These modified and new methods should be
implemented to ensure that the processing of plutonium residues has the least impact on the environment
and worker safety as is technically and economically possible.

3. Separation Techniques
e Salts -- Pyrochemical salts and sand, slag, & crucible represent a signficant fraction of the
residue inventory in the DOE Complex. Potential hazards associated with these salts include
corrosion of the container, gas generation from radiolysis of moisture with the salt or the
packaging materials, and the presence of reactive metals.

Processing techniques have been developed that use carbonate to oxidize the reactive metals in
pyrochemical salts. Tests for water decomposition by reactive metals have been conducted to
document the efficiency of this process. In all cases using this chemical oxidation procedure,
no hydrogen evolution above the baseline was observed. Chemical oxidation alone would
meet the stabilization requirements, but plutonium separation is required to facilitate the safe
disposal of these salts as waste. A distillation process is under development that will
extensively reduce the need to use aqueous processing flowsheets to remove plutonium from
this matrix. A recent trade study commissioned by the Department of Energy's Nuclear
Material Stabilization Task Group, taking into account waste minimization, radiation exposure,
disposal costs, and schedule, found that salt distillation would be the most efficient process to
facilitate the disposal of the majority of the pyrochemical salt inventory.

o Solutions -- Plutonium nitrate and chloride solutions are currently being stored in
configurations that were not designed for extended storage. The solutions are stored in plastic
bottles, stainless steel and plastic-lined tanks, and process piping. These solutions, which
range from 0.25 to 300 gm Pu/J, represent some of the most significant vulnerabilities to the
worker. Control of the solution chemistry to prevent unanticipated concentration or
precipitation of neutron absorbers, such as boron, is required. There is no question that
solutions are not suitable for safe interim storage and must, therefore, be solidified as
expeditiously as possible. Several processing techniques have been or are under development
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within the DOE Complex to meet specific site requirements for the stabilization of these
solutions. Well-demonstrated precipitation techniques may be the most efficient. A flowsheet
involving the Pu (IIT) oxalate precipitation followed by magnesium hydroxide precipitation of
the filtrate has begn demonstrated for the stabilization of Rocky Flats nitrate solutions
containing high levels of plutonium (> 6 gPu/l). This technology effectively stabilizes the
solution, while minimizing processing exposure and the generation of waste.

A vertical calciner is being developed by Hanford personnel for the direct conversion of
plutonium nitrate solutions to a stable, storable solid. In this process, small amounts of
plutonium-bearing solutions are metered into a continuously heated and stirred bed of solids.
Calcination proceeds through rapid evaporation of liquid, slowly drying to solids, denitration,
and initial heat treatment of stable plutonium dioxide. This process is known to work on
solution concentrations ranging from 15 to 500 gm/I.

o Combustibles and Noncombustibles -- Currently, pyrolysis, electrochemical oxidation, and
hydrothermal processing are being tested as advanced methods of processing combustible
wastes. As an example, a pilot-scale pyrolysis experimental setup was designed and
constructed to test the viability of this approach. Materials commonly used in glovebox
applications were pyrolyzed. All of the materials were reduced significantly in mass to dry,
solid, black materials. Introducing a few conventional technologies (e.g., a cold trap and an
activated carbon filter to capture the organics, and a catalytic converter to oxidize carbon
monoxide to carbon dioxide), will allow pyrolysis to be readily deployed in a manner
compliant with environmental regulations. )

- In addition, it is possible, with a select variety of combustible and noncombustible items to
remove the plutonium by first freezing the material and then crushing it to increase surface
area. The plutonium on the surface can then be removed by simple washing. Therefore, safety
concerns about potential fire or explosion hazards due to radiolytic-hydrogen generation or
high flammability can be reduced. Bench scale tests on polypropylene filters, which were used
as pre-filters in the rich-residue ion-exchange process line at the Los Alamos Plutonium
Facility were performed using ultrasonics, and advanced dissolution agents as a method for
dislodging particulates. Batch experiments were run on crushed filter material in order to
determine the amount of Pu removed by stirring, stirring and sonication, and stirring and
sonication with the introduction of Pu-chelating water-soluable polymers or surfactants.
Significantly more Pu is removed using sonication and sonicatien with chelators than is
removed with mechanical stirring alone.

As leaner residues are scheduled for processing, improved solid treatment methods will be required to
reduce the volume of TRU (>100 nCi/g) waste. This is important because of the large cost difference
between TRU and LLW. Also, physical solid-solid separation methods, such as magnetic separation, are
being implemented to reduce the initial volumes of the low-level residues, such as ash and graphite.
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Status of Waste Treatment (The Second Problem Area)

Waste exists in solid, liquid, and gaseous forms. For the most part, gaseous forms are treated via
scrubbing and filtering, and are therefore not considered a problem in waste management. The principal
issues include treating liquid and solid wastes as well as certifying waste products.

1. Liquid Waste: This treatment effort must meet all applicable state and federal regulations for
radioactive and hazardous waste. Generally, the most pressing issues involve characteristics other than
radioactive materials, such as nitrate content or heavy metal content. In addition, there are considerable
cost savings incurred by minimizing waste wherever possible. At Los Alamos, for example, it is
planned to implement acid recycle in order to lower the volume of solid waste produced at the TA-50:
Low-Level Waste Treatment Plant. Also, chelating extractants will be deployed to reduce the
radioactivity discharges from the liquid waste stream in order to comply with the proposed 0.5 pCi/l
discard limits being considered for the Liquid Waste Treatment Facility.

2. Solid Waste: Improved methods, such as advanced soaps, plasma-based, and electrochemical
decontamination techniques will be tested and implemented to remove plutonium from the solid
residues, such as plastic filters, dirt and blacktop, tools and supplies, and other items that do not meet the
current waste acceptance criteria. These technologies can also be used to reduce the volume of
secondary radioactive solutions that are inevitable during processing operations.

Nondestructive Assay (NDA) Methods

Because of the nonhomogeneous and dilute nature of the residues and waste, better assay methods are
required to ensure good accountability of fissile material. Improved NDA techniques, including the
preparation of certified reference materials for calibration and measurement control, will also ensure that
the waste forms can be properly certified for final disposal. NDA methods are attractive because they
can be done in-line and do not require chemical sampling of the matrix. Furthermore, they can be
computerized to ensure repeatability and improve safety by reducing operator exposure.

CONCLUSIONS

With the end of the cold war, the goals for plutonium management have changed dramatically. The
focus seems to be on the immobilization of plutonium via vitrification, mixing into ceramic based
materials, or mixing with high level waste. In addition, direct packaging and disposal at Waste Isolation
Pilot Plant, of Rocky Flats residues, is being planned for.2” It is imperative that plutonium be
safeguarded against theft and diversion. Recent studies have asserted that materials, such as SNF, may
represent an unacceptable diversion risk if disposed of in its present form. By using the DOE Order on
Nuclear Material Safeguards, it is clear that plutonium bearing residues, and many waste materials (TRU
and LL W) are at least as attractive as SNF, and, therefore, must be safeguarded in as rigorous a fashion.
This implies that direct discharge of residues and some waste items into repositories is likely
unacceptable.

With regard to the storage of plutonium materials, experts know most about the long term stability of
relatively pure plutonium oxide and metal. The storage of plutonium in all other forms, such as
residues, has resulted in the loss of containment within relatively short periods of time, via corrosion and
pressurization mechanisms. In addition, the country has been unable to open and operate a long term
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repository for storage of waste and excess materials, presumably a result of the inability to assure
containment of radioactive materials.

Therefore, it is prudent to consider a fourth approach for plutonium management, that of separations.
Separation of plutonium from the bulk matrices, discard the bulk as certified waste, and storing
plutonium as a storable oxide, provides the option to safely manage. plutonium until such time as
disposition approaches can be evaluated and ultimate disposition can be selected. The oxide would not
be highly purified as in the "Cold War" past. The necessary separations technology base exists to handle
essentially all forms of plutomum residues and can be quickly deployed. Some research and
development is approapriate to properly tailor process flowsheets to meet this new challenge.

Separating and storing the plutonium meets safeguards needs, protects against escape of plutonium into
the enviroment, eliminates identified vulnerabilities, and preserves all options currently being considered
for ultimate disposition, whether they be vitrification, cementation, deep bore hole discharge, spent fuel
standard, or transmutation.

DISCLAIMER

The views expressed in this paper are solely those of the authors. The views are based on the evaluation
of numerous references concerning the management of plutonium, most of which are DOE citations.
Despite this, the views do not necessarily reflect the views of the U.S. government or any of its agencies.
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Handling of Non-Stable Forms of Plutonium

L. Borisov, V. Kucherenko, L. Soleviev, V. Filatov
The All-Russian Scientific and Research Institute of Non-organic Materials
Rogov Street, 5
123060 Moscow, Russia

In accordance with Russian-American agreements on investigating the problem of the conversion
of weapons grade plutonium, the following directions for plutonium utilization have been
defined:

utilization of the plutonium in fuels for light-water and fast reactors;
long-term storage of the plutonium;

burial off the plutonium in geological formations;

immobilization and stabilization of solutions and other forms of plutonium.

It is well known that plutonium, in the form of metal, is used in weapons. Therefore, before we
reprocess this type of plutonium into-MOX-fuel, the plutonium metal must first be converted
into a solution from which americium and other ballast admixtures have been removed, and then
in the form of plutonium nitrate (IV) or dioxide, it becomes raw material for the manufacture of
MOX-fuel.

Regardless of the option that is chosen from those mentioned above, the most difficult problem
in the utilization of weapons grade plutonium is to provide for the preservation of the
environment, its protection from the harmful effects of the highly toxic plutonium and its
compounds, because the threat that it presents does not diminish for millions of years in view of
its long half-life. It is extremely important, while studying processes for plutonium utilization, to
address questions dealing with radiation and nuclear safety and the prevention of accidental fires
and explosions.

Non-stable forms of plutonium include the following;:

e plutonium corrosion products in atmospheres with different levels of humidity and low
temperatures (<100°C). In terms of their chemical composition, the products of metal
corrosion are non-stoichiometric compounds of plutonium and oxygen, hydrides, oxo- and
hydrooxohydrides of plutonium;

e plutonium corrosion products that are formed when plutonium metal is dissolved in acids
with low levels of dissociation, for example, sulfamine and formic acids and other organic
acids, as well as highly diluted solutions of mineral acids (with the exception of nitric acid).
The composition of the products is practically identical to the composition of corrosion
products formed in humid atmospheres under low temperatures;

e finely crushed plutonium metal.
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Non-stable forms of Plutonium require careful handling since they may contain plutonium
compounds that are flammable or have pyrophoric properties under certain conditions.

Handling Plutonium Metal In The Presence Of Corrosion Products In The Atmosphere
During warhead dismantling, preparation of plutonium solutions, temporary storage in transport
containers if the plutonium metal is exposed to a humid atmosphere, it is subject to corrosion
/1,2,3/with the resultant formation of plutonium dioxide mixed with non-stoichiometric
plutonium oxides. Investigations have shown that the plutonium-oxygen system is not ideal.

When plutonium is exposed to air, the surface oxidizes forming an easily detachable oxide film,
which in turn easily turns into an aerosol. A similar powder, yellow in color, is formed when
plutonium corrodes in very humid environments in temperatures below 5 0°C, while oxides that
are formed in an atmosphere of humid argon or helium are green /1/.

Under certain conditions the powder that is formed is black in color.

The properties of products from the oxidation of plutonium metal in the air and in an inert
atmosphere change significantly in response to oxidation conditions. The oxides that are formed
when the metal is oxidized at room temperature are for the most part in the form of small
particles (97% of the mass of the particles is 5 microns in size), with high specific surface
values (10 - 20 m?/g) and typically are pre-stoichiometric compounds of PuO,, with 1.8 <x< 1.9.
Oxides formed on the surface of the plutonium metal at high temperatures and in a reduction
atmosphere have values nearing 1.5/3/.

Plutonium oxides formed when the plutonium is exposed to air and high temperatures
(approximately 5 00°C) have larger particles. Particles that are greater than 1mm in size comprise
20% of the mass, while those that are smaller than 10 microns account for no more than 0.1 % of
the mass. The particles have well defined crystallinity and are almost stoichiometric, thereby
precluding the possibility of self-heating of the oxidizing metal in contrast to the situation that
exists when the metal is oxidized at low temperatures. The reaction between metallic plutonium
and plutonium dioxide with pre-stoichiometric oxides in the presence of oxygen is spontaneous
and exothermic and that is why plutonium oxides play an important role in determining
plutonium pyrophorosity. ;

Several factors determine the fire point of plutonium metal /3/:

specific surface;

particle size;

oxygen concentration in the reaction zone;

surface conditions at the metal-gas interface;

composition of the metallic plutonium; carbon reduces the ignition temperature, while
uranium has no impact.

However, the most important parameter is particle size.
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When plutonium ignites, plutonium oxide particles are dispersed as aerosol and are then
deposited on the surfaces of the chamber, the piping and ventilation ducts. This means, that
plutonium dismantling operations, preparation of solutions and temporary storage of plutonium
in the transportation containers should be of short duration. Although specific studies have not
been carried out, there is ample evidence to conclude that the duration of such operations should
not exceed 50 hours. Unfortunately, we do not have instrumentation that makes it possible to
monitor plutonium corrosion during the plutonium solution preparation process, and safety relies
on organizational measures.

Handling Of Plutonium Metal Corrosion Products In Acid Solutions

During the process of preparing plutonium solutions, not all of the plutonium is completely
dissolved in dilute solutions of mineral or organic acids and part of the plutonium (1.0 -20% of
the mass) is transformed into pyrophoric compounds of plutonium. The amount of pyrophoric
precipitant formed depends to a great extent on the concentration of hydrogen ions in the
solution. When plutonium is dissolved in hydrochloric acid and the final solution has a
concentration of hydrochloric acid >3.0 mole/l, no pyrophoric precipitants are formed. With
concentrations in the 1.2 - 3.0 mole/l range , pyrophoric precipitants are measured in tenths of a
percent. The precipitant in these cases is mostly plutonium dioxide. When hydrochloric acid
concentrations drop below 1.2 mole/l, the amount of pyrophoric precipitant increases from tenths
of one percent to 10 - 20 % /4/, while the amount of acid in the final solution decreases. A fine,
black precipitant is deposited on the walls of the vessel when the solution is removed. The
sedimentation rate of the particles in solution is extremely low. There is no danger in handling
them while they are wet, but during the drying, calcination and transfer operations, when the
material is in a dry form, the particles can spontaneously ignite and even explode, depending on
the thickness of the residue layer. The smallest particles remaining on the walls of the vessel,
after drying on the surface, will ignite from the slightest touch with any object. The fireworks
will continue for several seconds until the particles burn up.

Such fires are accompanied by the dispersion of particles and as a rule leads to contamination of
the piping and ventilation ducts. If the particles are heated in a muffle, an explosion occurs
within several seconds.

Similar precipitants form when plutonium is dissolved in a dilute solution of mineral acids or in
weak dissociated acids. They have the same properties as precipitants in weak hydrochloric acid
solutions.

Handling Metallic Plutonium In The Form Of Fine Powder
Powders are formed during the following processes:

e conditioning of the surface of plutonium samples. The powders are a mixture of metallic
plutonium and oxides of various compositions.
cutting compact blocks of plutonium into pieces in the preparation of solutions;
decay of plutonium hydroxides.
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Powders require special care in handling and strict adherence to operational safety instructions.

Currently there are no surveillance systems for monitoring the accumulation of non-stable forms
of plutonium and safe handling is assured through organizational measures.

DISCLAIMER
The views expressed in this paper are those of the author(s) and do not necessarily reflect any
biases, proposed actions, or decisions of the United States Government or any agency thereof.
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Discussion Summary of Materials and Conditions Session
Ken Scheffter, Westinghouse Savannah River Company

After completion of the Materials and Conditions Session technical presentations, the Session
Chairman opened the floor to questions. The first of two questions dealt with the photograph of
aplutonium button shown by Mr. Richard Szempruch (from Westinghouse Hanford Company)
in the first presentation. It was asked whether the materials causing the oxidation visible in the
photograph had been identified, and whether the plastic bag was decomposed. Mr. Szempruch
responded that he did not know if the exact mechanism for the oxidation had been determined,
but it was obvious that the exposure of the plutonium to air and to the plastic bag both
contributed to oxidation. There was air leakage through the external can, the inner plastic bag,
the inner can, and to the material itself for several years, and there was no real expectation that
the bag would be an effective barrier to the oxygen. There was evidence of radidlytic
decomposition of the plastic bag, but the specifics of the bag s condition were not known by the
speaker. '

The second question was asked of Dr. Leonid Borisov (from the Institute of Inorganic Materials)
and concerned process instrumentation. Specifically, Dr. Borisov was asked what functions or
characteristics were needed in stabilization process measurement instrumentation. Dr. Borisov
responded, Plutonium separation processes should be controlled to prevent the formation of
pyrophoric precipitants. However, actions of the operator can at times lead to various violations
(process upsets) which in turn may result in the formation of these precipitants. These processes
must be controlled to some degree by technical means. Unfortunately, at this time we do not
have the devices needed to recognize the accumulation of such precipitants during the metal
dissolution process.

Following this discussion, Mr. Scheffter concluded the technical session.

DISCLAIMER

The views expressed in this report are those of the author(s) or the individuals identified as
making the remarks, and do not necessarily reflect any biases, proposed actions, or decisions of
the United States Government or any agency thereof.
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Session Chair for Materials and Conditions:
Ken Scheffter, Westinghouse Savannah River Company
Tuesday, Dec 12, 1995; 1:00 pm

Question / Comment 1: << inaudible >>

Answer:

Richard Szempruch, Westinghouse Hanford Company

Actually, a 1/4 of it, yes. The container that it was stored in was a multi-sealed container. 1
don’t know that the exact mechanism was actually determined. It’s quite obvious, from
experience, when you expose plutonium to air, such as that, you will form the oxide. Evidence
of radiolytic decay of the bag and hydrogen generated from that might have caused the reaction
to go. The bag was on the outside of the container that you were looking at. The packaging
mechanism, if you will, or packaging configuration, was the button, the can, bag and then an
external can to that. There was air leakage through the entire pathway under the conditions of
storage for several years. There was no real expectation that the bag would be an effective
barrier to the oxygen. You would have to rely on the can seals.

Questioner:
Did you say the bag was decomposed?

Szempruch:
I don’t know the specifics of the bag. What I said was that it was generally not expected that the
bag would not be an effective barrier after an extensive period of time in storage.

Question / Comment 2:

Ken Scheffter, Westinghouse Savannah River Company

Dr. Borisov mentioned several times that there was instrumentation that needed development or
implementation. I was wondering what functions or characteristics you were looking for in
terms of measurement of instrumentation? What exactly are we trying to measure with this
desired instrumentation?

Answer:

Leonid Borisov, Institute of Inorganic Materials

Plutonium separation processes should be controlled to prevent the formation of these pyrophoric
precipitants. However, actions of the operator can at times lead to various violations (process
upsets) which in turn may result in the formation of these precipitants. These (processes) must
be controlled to some degree by technical means. Unfortunately, at this time, we do not have the
necessary devices needed to recognize the accumulation of such precipitants, during the metal
dissolution process.

DISCLAIMER

The views expressed in this report are those of the author(s) or the individuals identified as
making the remarks, and do not necessarily reflect any biases, proposed actions, or decisions
of the United States Government or any agency thereof.
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Stabilization Standards, Technologies and Applications Opening Remarks
Dr. Martin G. Seitz, US Department of Energy,
Office of Environmental Management

My name is Martin Seitz. I am a physical scientist with the Stabilization Task Group with a
specific responsibility in the area of stabilizing plutonium liquids. Also, I will send you a copy
of the Research and Development Plan for the stabilization effort. Please give me your name and
address.

I wanted to take a moment here and thank Randy Erickson and Jeff Kass. These are scientists at
national laboratories that we asked to help us plan the workshop. They did a very good job,
initially, and they continued to influence the evolution of the workshop. They took their jobs
very responsibly and did an excellent job. I commend them for the effort.

The organization is to divide the session into two categories. First are some of the programmatic
aspects of the stabilization program, i.e., the standards that we are working towards, the facilities
and materials that we are dealing with in the program, and the results of the Research and
Development Committee.

The second category covered in this session is the technology of stabilization. Plutonium
residues can be stabilized by conversion to borosilicate glass using the Glass Material Oxidation
and Dissolution System (GMODS) discussed here. Technology demonstrated by the Russian
participants in this session is the adsorption of plutonium into silica gel and calcination to bind
the plutonium to a dried silica matrix. Microwave calcination, as indicated by results from
Rocky Flats, Colorado, will stabilize residues with sybstantial organic content, and is planned for
this use. Finally, this session exhibits ceramification (by staff at the Rocky Flats site), and
vitrification and encapsulation into glass with high level waste (by researchers at four sites) as a
means of dispositioning plutonium ash residues. This session should give you knowledge of the
Department’s programs for stabilization, and a sense of the many technologies that can
contribute safely to the stabilization of plutonium-bearing materials that we will treat. We can
select treatments for the economic and timely stabilization of these plutonium-bearing materials.

DISCLAIMER

The views expressed in this statement are those of the author(s) and do not necessarily reflect any
biases, proposed actions, or decisions of the United States Government or any agency thereof.
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Plutonium Storage Criteria

Dr. Donald Chung
SCIENTECH, Inc.
20030 Century Blvd., Suit 210
Germantown, MD 20874

Xavier Ascanio
U.S. Department of Energy
19901 Germantown Rd.
Germantown, MD 20874-1290

ABSTRACT

The Department of Energy has issued a technical standard for long-term (>50 years) storage and will soon
issue a criteria document for interim (<20 years) storage of plutonium materials. The long-term technical
standard, "Criteria for Safe Storage of Plutonium Metals and Oxides," addresses the requirements for
storing metals and oxides with greater than 50 wt % plutonium. It calls for a standardized package that
meets both off-site transportation requirements, as well as remote handling requirements from future
storage facilities. The interim criteria document, "Criteria for Interim Safe Storage of Plutonium-Bearing
Solid Materials", addresses requirements for storing materials with less than 50 wt % plutonium. The
interim criteria document assumes the materials will be stored on existing sites, and existing facilities and
equipment will be used for repackaging to improve the margin of safety. '

INTRODUCTION

In the past, plutonium was generally either "in-process" or "in-use". Storage of plutonium was mostly
short-term, and storage packages were designed to last no more than a few years. The end of the Cold
War has left the Department of Energy with a surplus of plutonium that must be stored until their final
disposition. Plutonium materials containing more than 50 wt % assay are required to be conditioned and
packaged for retrievable long-term storage. Plutonium placed in long-term storage must be in either metal
or oxide form.

The lack of demand for plutonium also led to the stoppage of processing of plutonium-bearing residues
and oxides, which generally contain less than 50 wt % plutonium. These left over materials were not
intended to persist in existing manufacturing facilities without remediation. To improve the margin of
safety in facilities, "DOE Implementation Plan for DNFSB Recommendation 94-1" has identified
plutonium-bearing materials that must be stabilized and packaged for safe interim storage.

GENERAL REQUIREMENTS - DOE-STD-3013-94

The DOE Standard, "Criteria for Safe Storage of Plutonium Metals and Oxides," addresses requirements
for stabilizing and packaging metals and oxides containing more than 50 wt % plutonium for safe long-
term storage.

The package is required to be suitable for off-site transportation and 50-year storage with minimum
maintenance. The criteria in the Standard eliminates the need for re-conditioning or repackaging of the
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stored plutonium before shipping. Organics such as oils, plastics, organic coatings and elastomeric
gaskets are excluded from the package.

Material Quantity

The maximum quantity of plutonium permitted per storage package is based on criticality safety and heat

generation rates. Depending on the isotopic compositions, the heat generation can vary (See Table 1).
The maximum quantity allowed may be lower depending on limits for existing storage facility. The

Standard limits the quantity of plutonium to 4.5 kg; and heat generation per package to less than 30 watts,

which complies with the maximum rate allowed for currently available transportation overpacks!.

TABLE 1. Properties of plutonium isotopes and significant daughter of decay.

Property 238py 239pg 240py 241py 242py 281 Am
Half-life (years) 89.6 24,000 6,600 13.2 380,000 432.7
Principal means of decay Alpha Alpha Spontaneous Beta Spontaneous Alpha,

fission fission Gamma
Significant daughters of None None None 24lAm None None
decay
Energy per decay?, MeV 5.592 5.243 -5.255 0.007 4.98 5.64
Curies per gram 17.0 0.061 0.22 112 0.004 3.46
Decay heat (Watts/gram) 0.56 0.002 0.007 0.003 0.0001 0.12

Conditioning for Storage
The Standard requires that metals and oxides be conditioned prior to storage to assure material stability
and minimize gas generation during storage.

Metal pieces must be stored free of loose oxides. Bulk metals have high ignition temperature (>450 °C)
(see Figure 1) and are not easily dispersible in accidents. Plutonium foils and small pieces of plutonium
metal having large surface area-to-volume ratio can be potentially pyrophoric when exposed to air. To
minimize this risk, stored metals are required to have thicknesses greater than 1.0 mm or a specific surface
area less than 1 cm?/g. Metals that do not meet these requirements must be converted to an oxide and
conditioned according to the requirements for plutonium oxide.

Plutonium oxide is hygroscopic. It has active surfaces that strongly absorb atmosphere constituents like
H,0 and CO,., and can adsorb up to 8 percent of their weight as water on the surface. Adsorbed water
molecules can decompose by radiolysis into explosive mixtures of hydrogen and oxygen and pressurize
sealed storage containers.

To minimize the risk from pressure buildup in containers, the Standard requires that oxides be thermally
stabilized at sufficiently high temperature to remove adsorbed organics and water. A Loss On Ignition
test (LOI) is required to validate that volatile materials, primarily moisture, are removed to less than 0.5
percent.
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Figure 1. Measured ignition temperatures of plutonium as a function of specific surface area
and metal dimension.?

Thermal stabilization at higher temperature also has the benefit of increasing particle size, and decreasing
the fraction of particles in the respirable range (<3mm geometric dimension). Increasing particle size also
reduces surface area and thus slows the re-adsorption rate for moisture®. This makes it easier to retain the
stabilized characteristic through the packaging process. When the thermal stabilization temperature is
increased from 650° to 700°, and to 1,000 °C, the percent of particles in the respirable range decreases
from 40 to 25 and to 10 percents, respectively.

Packaging for Safe Long-term Storage

The Standard requires that the plutonium metals and oxides be protected by a minimum of two sealed
barriers. The storage package must also be qualified for shipping offsite when nested into a qualified
shipping container and overpack. The barriers must protect bulk metals from oxidation and stabilized
oxides from re-adsorbing moisture. The package should be essentially maintenance free.

Pressure Build-up
Over 50 years, the maximum pressure that can accumulate in a seal container of plutonium oxide may be
estimated using the following equation:

P =P; + [(LOD(m)(T)] / [V - (0.0873 m)] + [1.3x10~4 (m)(D)(T)] / [V - (0.0873 m)]

P; is the initial packaging pressure in psia,

LOI is the maximum allowable loss on ignition value in %,
m is the mass of packaged oxide in kg,

T is the maximum anticipated storage temperature in K,

V is the internal volume of the container in liters, and

t is the elapsed storage time in years.
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The last term, which defines the build-up of helium pressure over time, is formulated for 239Pu and is
applicable to oxides containing the isotopic distribution of weapon-grade plutonium. For oxide, the
helium generation rate is 1.055 x 10-4 mole He/kg PuO,+yré,, and pressure increase over 50 years from
helium build-up is only 4 psi. If the oxide to be stored contains a high concentration of 238Py, this term
should be evaluated accordingly. For plutonium metals, little if any pressure rise is anticipated because
helium is retained in the metal and does not reach the gas phase. .

For a three-liter container containing 5 kg of plutonium oxide that has been thermally stabilized to 0.5%
LOI, the theoretical maximum internal pressure would be 309 psia. This pressure would be dominated by
the pressure rise from decomposition and desorption of moisture. Based on years of successful storage
experience with stabilized oxide, the likelihood of a pressurization of this magnitude is considered
extremely small.’ .

In-Line and Out-of-Line Storage
The Standard accepts in-line storage enclosure (e.g., glove box, or the Stacker/Retriever Storage Vault and

the X-Y Retriever Vault at Rocky Flats), as an acceptable outer package barrier. Therefore, within these
storage enclosures, plutonium has to be packaged in at least one sealed barrier. Storage areas and walk-in
vaults are not considered package barriers and the plutonium has to be, at a minimum, doubly contained.

Boundary Container
The boundary container is a required container barrier. The standard sets the maximum dimensional

limits for a boundary container so that it will fit into a primary containment vessel, which is a part of the
packaging scheme for transportation.

A boundary container has to be corrosion resistant. The suggested container material is 304 L stainless
steel, based on ductility, and resistance to stress corrosion. It also has to comply with ANSI N14.5 leak-
tight requirements after the following one-time abnormal occurrences:

e 4-foot drop onto a flat, essentially unyielding, horizontal surface,
e 2-foot crush in which identical containers collide, and
e compression by the weight of five boundary containers.

Boundary containers must be capable of maintaining an internal pressure that is greater than 1.5 times the
theoretical maximum pressure for 50-year storage.

Primary Containment Vessel
The double container requirement can also be satisfied by nesting the boundary container in a primary

containment vessel. The priniary containment vessel is to be designed for dual use as the "primary
containment vessel" for shipping, and a barrier for long-term storage in a centralized storage facility that
employs capabilities for nondestructive examination and remote handling8. The vessel is also capable of
surviving design basis accidents such as a major facility fire. A few primary containment vessels have
been fabricated by Westinghouse Savannah River Corporation for evaluation.

Packing material that goes into the primary containment vessel has to be noncombustible and inorganic
(no plastics). The free volume in the vessel, including the free space in the inner container(s), has to be at
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least 2.5 liters. This volume criterion is based on a maximum theoretical pressure at 204°C (400°F) that
might result from a major facility fire. Additionally, the criterion requires the space between boundary
container and outer vessel to be free of removable contamination.

Material Container

The material container is an optional materials handling container that has to fit inside a boundary
container. Until the primary container is available, the double containment requirement may be met by
using a sealed material container nested in a boundary container. For a material container to be accepted
as a sealed barrier, it has to be leak-tight in accordance with ANSI N14.5.

INSPECTION AND SURVEILLANCE FOR SAFETY

Inspection and surveillance provides the required administrative barrier to prevent release. A package of
bulk metal that leaks will have measurable weight gain as the metal converts to oxide. Oxide buildup on
bulk plutonium metal is also visible by radiography. Formation of oxide is accompanied by a large (at
least 40%) volume expansion. If the bulk metal is wedged in the container, this expansion can breach the
package and cause release. For stored plutonium bulk metal, oxidation is a slow process. Documented
container breaches resulting from oxide expansion have occurred with packages over 10 years old. Sealed
packages of plutonium oxide that contain excess moisture or organics could pressurize over a short time
(within days) and cause container failure?.

Double contained packages stored out-of-line can be inspected using radiography (see Figure 2). Fora
package doubly contained in a primary containment vessel, sampling of the atmosphere between the inner
and outer container can also be used to check for inner container failure. The free space between the
boundary container and outer primary containment vessel is free of removable contamination. Any
radiological contamination detected would be an indication of possible inner container failure.

Inner Can

Suspect Bulged Normal

Figure 2. Radiograph of packages showing condition of inner cans.
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GENERAL REQUIREMENTS - CRITERIA FOR THE INTERIM STORAGE OF PLUTONIUM
BEARING SOLID MATERIALS

The document, Criteria for the Interim Safe Storage of Plutonium-Bearing Solid Materials, is currently
being finalized. It is scheduled to be issued in 1995.

The interim Safe Storage Criteria cover materials identified in the DOE plan for implementing DNFSB
Recommendation 94-1, and assume that these plutonium-bearing materials could be stored on-site for up
to 20 years before final disposal. One goal of this interim criteria document is to provide'a complex wide
consistent approach to assure safe interim storage. Sites are required to evaluate material compatibility,
gas generation, decay heat generation rate, and design life of storage packages to provide specific
technical safety bases for their storage packages. However, due to the broad range of materials covered
and diversity among storage sites, considerable flexibility is permitted. The typical materials covered by
the interim storage criteria include: residues, compounds, scraps, alloys, oxides and salts. The interim
criteria do not cover plutonium 238 and 242, spent nuclear fuel, plutonium-bearing liquids, waste items
whose surfaces are contaminated with low levels of plutonium and sealed (fabricated) components.

Material Quantity
The storage package technical safety bases will be relied on to provide the material quantity limit.

Conditioning for Storage

The interim storage criteria document does not specify how to condition plutonium-bearing materials
intended for interim storage. The criteria exclude materials that are pyrophoric, explosive, flammable, or
contain or accumulate free liquid. Each site is responsible for selecting the processes for conditioning
materials into acceptable storage forms.

Packaging for Storage .

The interim storage criteria require storage packages to have at least two barriers to prevent material
release. Containers are required to be leak proof!® and have sufficient impact resistance to be able to
withstand handling accidents. The criteria allow either sealed or vented (with filter) containers to be used.
Examples of containers that could be counted as a barrier include food pack cans and welded cans.

The interim storage criteria dbes not allow plastic bags to be in direct contact with the stored plutonium-
bearing materials. Plastic bags and slip-lid cans can be included in a storage packaging but they would
not be accredited as one of the two required barriers. The interim storage criteria do not place any
restriction on container dimensions.

INSPECTION & SURVAILLANCE
Surveillance of storage packages are required throughout the storage period. The requirements are very
similar to what is required in DOE-STD-3013-94.

CONCLUSION

Both DOE-STD-3013-94 and the Interim Storage Criteria call for a minimum of two protective barriers to
prevent material releases and to safely store plutonium until final disposition. The DOE-STD-3013-94
applies to plutonium metals and oxide containing at least 50 wt % plutonium. The interim storage
document covers primarily materials with less than 50 % assay, which are mostly residues.
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DOE-STD-3013-94, Criteria for Safe Storage of Plutonium Metals and Oxides

Plutonium metals and oxides are to be stored either in a sealed container protected by an in-line storage
enclosure, or in a minimum of two nested, sealed containers. The outer container (either boundary
container or primary containment vessel) is designed structurally to remain leak-tight under both normal
and postulated storage accident conditions. The plutonium package must be free of any o'rganic or volatile
material that can undergo radiolysis. Surveillance and inspection are required to validate that the
condition of the package has not degraded while in storage. The storage package is also designed to nest
into a transportation overpack without needing repackaging prior to shipping. Plutonium packaged to
these storage criteria should not need subsequent repackaging to ensure maintenance-free safe storage for
at least 50 years or until final disposition.

Interim Criteria for Storage of Plutonium-Bearing Solid Materials

Plutonium-bearing materials other than metals and oxides are generally not suitable for long-term storage.
They may be stored on-site for an interim period while waiting further disposition. For interim storage,
the store packages may either be sealed or vented, and must be designed to survive normal handling
incidents. Organic materials are permitted in the storage package. Plastic bags are not permitted to be in
direct contact with stored plutonium-bearing materials. Plastic bags and slip-lid cans are not acceptable as
one of the two required barriers. The barriers can be containers currently in used in the DOE Complex,
such as crimped food pack cans and welded cans. There are no dimensional limitations on the storage
package for the purpose of transportation. Materials packaged to the Interim Criteria will require
surveillance and inspection.
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TABLE 2. Comparison of DOE-STD-3013-94 Standard with the "Interim Storage Criteria for
Plutonium-Bearing Solid Materials."

DOE-STD-3013-94

Interim Storage Criteria

Safe storage for at least 50 years

Safe storage for up to 20 years

Container must meet ANSI 14.5 Standard for leakage.

Containers can be vented with secured filter vent.
Sealed container need to meet 49 CFR 178.604 for
leakproofness.

Metals and oxides with a minimum of 50 weight
percent plutonium.

Plutonium-bearing solids, most will be less than 50 %
assay.

Does not apply to liquids, process residues, waste,
sealed weapon components, or material containing
more than three weight percent 238py

Does not applied to spent nuclear fuel, liquids, sealed
(fabricated) components, 238py; and 238py,

Package shall have at least 2 barriers.

Package shall have at least 2 barriers.

For out-of-line storage, the primary containment vessel
is the second barrier. It is specially design both for safe
long-term storage and as the primary containment
vessel for shipping. It is a uniform design for the
complex. Alternatively, until a primary containment
vessel is available, a sealed material container nested in
a boundary container may be used.

The two barriers can be food pack can, welded can, etc.

Package designed to meet all transportation
requirements without repackaging.

Package is designed to be stored on-site only.

Package dimension is limited for the purpose of
uniformity, ease of shipping and receiving. It will nest
into existing overpack for shipping. It is designed to
facilitate remote handling and surveillance in future
storage facilities.

Package dimension is left to each site.

i
No organic materials allowed in packages.

Organic materials may be included in the storage
packages. No plastic bags in direct contact with
plutonium metal, oxide or compounds. Plastic bags are
not accredited as required barriers.

The storage package (when including the primary
containment vessel) is designed to survive major
facility fire and 30 foot drop and 30 foot crush with
loaded package.

The storage package is design to survive handling
incidents such as a storage height drop (4-foot
minimum), and 2-foot crush test with drop of loaded
package , and compression weight of 5 storage package.

Package designed to require no routine maintenance.

Package may require some routine maintenance (e.g.
testing vent filter ).
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DISCLAIMER
The views expressed in this paper are those of the authors and do not necessarily reflect any biases,
proposed actions, or decisions of the United States Government or any agency thereof.
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Facilities for Stabilization and Stabilization End States

Edwin N. Moore
Jeffrey S. Allender
Westinghouse Savannah River Company
Aiken, SC 29808

ABSTRACT

The Department of Energy (DOE) has embarked upon an aggressive program to stabilize and
package nuclear materials for safe, interim storage. The scope and approach to accomplish this
objective is documented in the DOE Implementation Plan prepared in response to Defense
Nuclear Facilities Safety Board (DNFSB, or the Board) Recommendation 94-1.1 In support of
this plan, DOE-Headquarters formed a Nuclear Material Stabilization Task Group (NMSTG)
and each major site prepared a Site Integrated Stabilization Management Plan (SISMP) providing
resource-loaded schedules to achieve the objectives. To assure intersite integration of the plans,
DOE assembled an Integration Working Group (IWG), comprising contractor representatives
from each site, with the primary initial purpose of preparing an Integrated Facilities Plan (IFP).2
This paper provides a brief summary of the IFP, with particular emphasis on the plutonium
materials and facilities.

INTRODUCTION

In its Recommendation 94-1, the Board recommended that an integrated program plan be
formulated, on a high priority basis, to integrate use of facilities and capabilities to deal with
concerns about liquids and solids containing radioactive substances, located in spent fuel storage
pools; reactor basins; reprocessing canyons; and various other facilities that were used for
processing and weapons manufacture. Further, the DNFSB recommended that facilities that
might be needed for future handling and treatment of these materials be maintained in a usable
state.

The Department of Energy (DOE) acknowledged and concurred with the Board's concerns and
developed an Implementation Plan (IP)3 to address the urgent safety problems identified by the
Board. The IP established the programmatic requirements and stabilization plan for all at-risk
material categories: plutonium materials, including solutions, metals and oxides, and the various
residue types; spent nuclear fuel (SNF); uranium; and special isotopes. In addition to its IP
commitment to stabilize materials, DOE committed to develop a research plan and a long-range
facilities plan based upon a detailed evaluation of the range and quantities of materials to be
stabilized and stored.

The NMSTG was formed to coordinate this effort. Supporting the NMSTG are a Research
Committee (responsible for the Research Plan) and an Integration Working Group (IWG), which
was responsible for the preparation of the IFP. The IP, IFP, and Research Plan together form the
Integrated Program Plan (IPP) for DOE's continuing program to deal with the issues identified in
Recommendation 94-1 and with issues involving the interim and long-term management of nuclear
materials and facilities.
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INTEGRATION WORKING GROUP

Shortly after issuing the IP in February 1995, the NMSTG Director established the IWG to
prepare the IFP and to serve as a forum for identifying common concerns, evaluating intersite
integration options, and recommending tasks necessary for the completion of the stabilization
program. The group consists of a chairman and representatives from key field and program
organizations. Its facilities core team, detailed below, prepared the Integrated Facilities Plan.
Analytical and technical support for IWG tasks is provided by the Nuclear Materials Planning
Support Group of Westinghouse Savannah River Company and other organizations.

Chairman: Frank Holmes, Nuclear Materials Stabilization Task Group

Facilities Gilbert Arriola, Nuclear Materials Stabilization Task Group

Core Team: Don Bridges, DOE Savannah River Operations Office
Shirley Cox, Lockheed Martin Energy Systems, Oak Ridge Y-12 Plant
Don Dustin, Safe Sites of Colorado, Rocky Flats Environmental Technology Site
Scott Gibbs/Ken Chidester, Los Alamos National Laboratory
Roger Henry, Lockheed Martin Idaho Technologies, Idaho National Laboratory
Brent Ives, Lawrence Livermore National Laboratory
Roger McCormack, Westinghouse Hanford Company, Hanford Site
Mike Sujka, Westinghouse Savannah River Company, Savannah River Site
George Werkema, DOE Albuquerque Operations Office

INTEGRATED FACILITIES PLAN APPROACH

The IFP documented assessments of the readiness, capability, and capacity of the existing and
new facilities proposed for use in the stabilization and storage missions. This plan was
developed using a disciplined systems engineering approach to identify opportunities for facility
integration that would further mitigate safety risks, enhance cost effectiveness, and improve
stabilization schedules. Figure 1 shows the framework and key elements of the systems analysis
as it was applied in development of the IFP.

iterative Trade-Off Studies
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Figure 1: Systematic Approach to Facility Evaluation
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Where systems review indicated the potential for improvement or for elimination of potential
barriers, special "trade studies" and focus studies were initiated.

The foundations for the IP were the SISMPs, describing each site's baseline plan, resources,
schedules, and facilities proposed for execution of the 94-1 mission. A major task for the IWG
was to evaluate the site plans against capabilities that exist, or may be provided, at other sites—
to identify potential further benefits that could be gained through integrating the program across
the DOE complex. Figure 2 shows the generic functional framework for the flow of materials and
activities within the 94-1 program and beyond (shaded area).

o]
[ (E 111, —
lnven{'ogries s&gmm

@ Characterizs, ]
Stabilize,
or Package
for Near-Term Convert, Repackage,
Storage = and/or Treat to
Storage Standard

(o

©)

| Siabiioe ond
128 - , A v —

Change Material | : % ) ’ -

Category l Stabilzeand -

\ b
- : S = : - .
Ship and Receive ‘ £ foeeee}ir- OnSitS
New Materials Materials = i Emplace-
N - ‘j ' : ment

=t Primary material transformation path Use or Generate Materials.
«wssefiui-  Spcondary waste generation - -to Support Programs .
Non-84-1 Functions

Figure 2: Integrated Functional Flow Diagram

Baseline programs were evaluated for their ability to meet program requirements safely, cost-
effectively, and in a timely manner. Specifically, the following types of questions were asked:
o Does the baseline plan meet program objectives?

e What barriers could potentially limit program success?

¢ Do the capabilities of the facilities meet the stabilization and operating requirements?
e Do alternative approaches exist?

e What policy or program objectives must integrated with the 94-1 activities?

e Are facilities and capabilities that are needed for safe, interim storage and management,
pending disposition decisions identified and provided for?
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Figure 3 shows the formal systems approach followed by the IWG in assessing plans and
alternatives. Employing this process, the site plans were screened to identify potential barriers
and excess capabilities. Where integration opportunities with the potential to improve program
performance were identified, trade and other studies (some of which are still active) were
commissioned to develop quantitative cost/benefit analyses and to flag issues that require further
resolution.

Basic tenets of the evaluation process included: (1) The specific stabilization goals and timetables
outlined in the IP are to be adhered to, and (2) any changes to the objectives would be
accompanied by formal change control. Existing policy planning assumptions and Records of
Decision were used to bound the scope of possible integrative strategies.

All Onsite Material

Stabilization All Facility
Plans Plans

Assess Materials i
Via Screening ldegatlfvag{gused
Questions pability

Assess Offsite

Capability Match Available
to Identify for 4——'0

Generic

Issue Screening Capability
\ . AlllYes
e > No Match Match Found Conduct Offsite
R s{ Option Analysis
N Screening
No Options Clearly Attractive

Attractive [ Option(s) Found

Perform
Trade
Study

No Attractive Option Validated

Attractive Option | Validated
Stabilize Material:

As Detailed in
Current IPP and Modify SISMPs, IPP
SISMPs
Stabilize Materials
As Detailed in
e Modified IPP and
SISMPs

Figure 3: Process for Option Evaluation and Analysis

Consequently, activities under the National Environmental Policy Act (NEPA) and internal
studies within DOE may impact the plans' implementation.
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Finally, the long-range facility needs were evaluated against the facility capabilities—existing,
modified, and new—that DOE will have available after the conclusion of the stabilization
program. This evaluatlon served two purposes: to show the facilities that will (or may be)
available to perform interim or long-range missions after stabilization is completed, and to ensure
that continuing stabilization and storage capability will be retained.

The results of the materials-oriented, systems analysis and a listing of the resultant required
facilities are summarized briefly (for plutonium materials only) later in this paper.

PLUTONIUM END STATES (94-1) AND PROGRAMMATIC INTERFACES

One major task of the systems analysis was the development of "stabilization requirements."
Immediate goals for plutonium materials focus on safety issues, especially those related to
solutions storage and materials in contact with plastic packaging. Longer-term goals include the
conversion of all materials to forms that are safe and stable for low-maintenance interim storage
and the packaging of these forms in containers that meet defined standards for safe future
handling and maintenance. Whenever there is more than one option available to meet the safety
and storage goals, the compatibility of the "end state" produced by the program (the material's
chemical and physical form and packaging) can be assessed against the proposed options for
disposition or continued management.

Excluding fuel forms, acceptable end states for plutonium materials involved with the 94-1

remediation program include:

e plutonium metals, and oxides that contain more than 50% plutonium by weight, that meet the
Criteria for Safe Storage of Plutonium Metals and Oxides*

e plutonium residues that meet DOE criteria for interim safe storage of plutonium-bearing solid
materials ("Interim Storage Standard"), currently under development >

e transuranic waste that meets appropriate standards for transportation (Nuclear Regulatory
Commission TRUPACT-II criteria) and disposal (DOE Waste Isolation Pilot Plant [WIPP]
Waste Acceptance Criteria)

e solid low-level and high-level waste forms and packaging that meet appropriate DOE, site,
state, and federal requirements for onsite, offsite, or repository disposal.

Often the criteria and constraints associated with these end states are evolving and activities are

in progress to resolve uncertainties. The areas of greatest potential impact, as identified in the

IFP, include:

e WIPP Disposal: Assumptions for the final WIPP disposal criteria and timing significantly
impact the long-range plans for plutonium storage and management, particularly at the Rocky
Flats Environmental Technology Site (RFETS).

e Residue Storage Standards: Interim storage criteria are under development for stabilized
residues and other materials that contain less than 50% plutonium by weight. The resultant
criteria could significantly impact program cost and timing.
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e Disposition: Development of a national policy for ultimate disposition of plutonium
continues. Ideally, the 94-1 end states and the ultimate disposition starting point should be
the same, to minimize the costs, hazards, and difficulty of future material handling to prepare
materials for ultimate disposition.

Some of the key interfaces that will affect the planning environment for plutonium management
include: international safeguards; weapons dismantlement; the Fissile Materials Disposition
program; the Stockpile Stewardship program; NEPA activities; small-site, research program, and
decommissioning support; and other nuclear materials "user" programs.

PLUTONIUM MATERIALS AS THEY EXIST TODAY

Existing plutonium inventories covered by the stabilization program fall into three major
categories: solutions, metals and oxides with plutonium-239 contents above 50 percent by weight
(wt.%), and residues. Additional separated plutonium materials could be generated in the near
term by the aqueous stabilization of aluminum-clad targets at the Savannah River Site (SRS).
Further reductions in weapons stockpiles and the decontamination and decommissioning of
process facilities will produce additional quantities in the long term. Most of the plutonium-239
materials defined in the Implementation Plan are considered excess to National Security needs.
Thus, the treatments can focus on the remediation of risks and the preparation for interim storage
awaiting final disposition.

Figure 4 shows the distribution of plutonium materials in the DOE complex. (This chart includes
not only materials that are primarily plutonium-239, but also materials that are enriched in other
isotopes such as plutonium-238 and plutonium-242.
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Figure 4: DOE's Plutonium Inventories (December 1993)
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The major defense and former-defense plutonium sites that are the focus of the program include
Hanford, Lawrence Livermore National Laboratory (LLNL), Los Alamos National Laboratory
(LANL), RFETS, and SRS. Savannah River has a substantially larger quantity of solutions
(354,000 liters) than other sites, and Rocky Flats has a substantially larger quantity of residues
(20,000 units) than other sites. Rocky Flats and Los Alamos hold the greatest quantity of metals
and oxides (6700 and 4000 units, respectively).

The separated plutonium materials at these sites total nearly 21 metric tons (MT) and are
currently stored in approximately 35,000 storage containers. Plutonium contained in irradiated
fuels and targets is not included in these totals.

PLUTONIUM MATERIALS AFTER STABILIZATION

Of particular importance to the disposition program are the characteristics of the interim storage
forms that will be produced by the stabilization program. Some of the forms will be suitable
"starting points" for some of the proposed immobilization and disposition options, while other
forms may require extensive chemical or physical processing if they are to be accommodated by
an immobilization process.

Three major categories will be produced by the baseline 94-1 stabilization program: metals and
oxides, greater than 50% plutonium, that meet the 50-year storage criteria; a smaller group of
materials that contain mixtures of plutonium with other actinide isotopes; and residues that are
stabilized to meet the criteria for safe interim storage or disposal as transuranic waste, but that do
not meet the purity or concentration criteria of the 50-year standard. Some of the stabilized
residues may contain chemical impurities that would be undesirable for several immobilization
options.

Figure 5 shows the current and projected composition of the affected plutonium inventory,
broken down by the total plutonium content and by the total number of storage containers. Most
of the plutonium mass exists today as metal or oxide that can be treated and packaged to meet the
DOE standard. Smaller, but significant, quantities of plutonium will be stabilized in lower-assay
forms before they are transferred to disposition programs.

These residues and the stabilized lower-assay forms are grouped into two categories, depending
on how much plutonium is contained in a storage container: containers with less than 200 grams
per can could more readily be prepared for direct disposal as transuranic waste, should that
disposition option be chosen.

After stabilization and storage consolidation, the number of storage units will decline by fewer
than about 3000 if all stabilized residues with less than 50 wt.% plutonium are packaged to
contain less than 200 grams per can, as assumed for Figure 5. If the stabilized residues are judged
suitable for an immobilization process and are packaged more densely after stabilization, a further
reduction in storage containers (to about 28,000 units) is possible. However, if WIPP
assumptions change, the number of containers could increase by several factors. Since the SRS
and LANL residues will be largely eliminated, the remaining residues will predominately be at
RFETS and Hanford (only a few thousand cans).
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Figure 5: Plutonium Inventory Composition Before and After Stabilization

PLUTONIUM STABILIZATION PLANS AND FACILITIES

To achieve the stabilization and interim storage-form objectives of the 94-1 program, a
significant effort must take place across the DOE complex. The relative magnitude of the
stabilization task at each site is shown in Figure 6. For each site and plutonium category, the plot
depicts the "footprint" of associated facilities, the number of items requiring stabilization or
repackaging, and the number of potentially limiting concerns (identified through the IWG
screening process) that may impact implementation of the site plans.
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Figure 7 depicts the facilities planned for use, by function, in meeting 94-1 Implementation Plan
objectives. The shaded areas in each figure reflect the assumed interfaces with out-year
programs.

Stabilization processes include aqueous processing for solutions, often followed by precipitation
and thermal stabilization; mechanical treatment (brushing), thermal stabilization, and repackaging
for metals and oxides; and numerous processes including characterization, mechanical treatment,

thermal stabilization, pyrochemical or aqueous processing, and repackaging for the residue forms.

To perform these processes and provide long-range capabilities, sites must install new equipment
or modify existing equipment and facilities. In some cases, alternative facility-use strategies are
being explored. Major facility implications include:

» Rocky Flats: Besides the restart of existing equipment and facilities, major new or modified
processes will be installed in existing buildings. Key new capabilities include: (1)
precipitation and calcining equipment in Building 371 for solutions; (2) pyrochemical
oxidation equipment for salt residues; (3) treatment equipment for combustible residues; (4) a
thermal stabilization process for ash residues in Building 707; and (5) a calcination and
packaging line in Building 371 to convert and package metals and oxides to the storage
standard.

« Savannah River: Required activities include restart of F and H Canyons and their associated
ancillary facilities (e.g., FB Line and HB Line) and completion of a project to construct a new
Actinide Packaging and Storage Facility.

» Hanford: Activities include installation of new thermal stabilization equipment and a new
packaging system at the Plutonium Finishing Plant, modification of an existing vault, and
upgrades to several plutonium and support facilities. )

Figure 8 provides a plot of the footprint of facilities actively involved in plutonium storage at the major
sites. The cumulative square footage of the footprint is plotted for the current configuration, the
anticipated configuration after stabilizing the materials, and at the end of the 94-1 program; it does not
reflect total operating area associated with multi-level facilities or with other operations The facility
footprint provides an approximation of the magnitude of effort and cost required to actively manage the
inventories within the facility.
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Also shown is the average age of the facilities. In general, older facilities are more difficult and
costly to maintain and are more vulnerable to design-basis accidents. Although significant
reductions in footprint and average age are accomplished during 94-1, additional reductions are
possible and may provide substantial cost benefits.

Figure 9 provides a high-level overview of the facilities, their ages and conditions, utilization
during the 94-1 program, and potential uses after the close of the 94-1 task. Further detail
regarding processing and storage of plutonium materials and the interactions among facilities is
provided in the IFP. ’

Part of the 94-1 effort includes ensuring that sufficient facilities remain operational to store and
process material and provide other needed functions for the long term. Facilities are identified
that provide these capabilities in the interim until final storage and disposition decisions are made
by other active programs (e.g., Fissile Materials Disposition and Stockpile Stewardship and
Management). In some cases, use of these facilities will require structural and system
modifications, or replacement may prove to be cost effective. The NMSTG maintains continuing
lizison with these out-year programs both to provide a starting point for their facility-planning
deliberations and to ensure that any impact, emanating from their evolving plans, is formally
factored into the timely execution of the 94-1 program commitments.
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CONCLUSIONS AND PATH FORWARD

The identified facilities can provide the capability and capacity to fulfill 94-1 objectives as now
documented. However, defining and implementing the stabilization and storage activities is not a
static process. The Department identified a need for follow-on studies to determine the best
options and approaches to overcome uncertainties and barriers to implementation:

* Plutonium metals and oxides stabilization timing analysis

» Alternatives for scrub alloy at Rocky Flats

» Alternatives for pyrochemical salts at Rocky Flats

» Alternatives for the disposition of other non-salt residues

e Other studies: small sites; residues at Mound

» Transportation feasibility

Three current initiatives, in particular, may influence the plans:

» The evaluation of seismic resistance of facilities at Rocky Flats, as identified in DNFSB
Recommendation 94-3. The results of this evaluation may result in restructuring site plans
for material stabilization and storage.

+ The development of criteria for the safe interim storage of plutonium-bearing solids. These
criteria may alter the scope of the Rocky Flats stabilization requirements.

» The Environmental Impact Statement (EIS) on Interim Management of Nuclear Materials at
the Savannah River Site. The Record of Decision for this EIS may require changes in the
current strategies for all site facilities, particularly those used for the management of spent
nuclear fuel. :

The 94-1 program feeds several out-year programs for which planning is not yet complete.

These programs will influence choices of existing, modified, and new facilities to perform long-
range remediation tasks similar to those required for the 94-1 program as well as to perform other
nuclear material storage, management, and disposition tasks. There are, however, a sufficient
number of attractive options to assure the needed functional capabilities to safely store the
materials, monitor and inspect the inventories, and respond to any adverse storage conditions
that may develop can be provided. Key decision points for National programs related to
plutonium include:

¢ Record of Decision for the Programmatic EIS on Fissile Material Disposition
« Record of Decision for the Programmatic EIS on Stockpile Stewardship and Management

A number of significant NEPA decisions concemning the disposition of other materials (e.g. spent
nuclear fuels, enriched uranium) can significantly impact the future use of plutonium facilities. In

addition, the need to consolide materials at Sites and within the complex will become more
important as DOE continues to reduce the overall facility cost and risk.
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The Integration Working Group will continue to monitor, recommend, and coordinate activities
aimed at resolving intersite treatment and storage opportunities and interfaces between the 94-1
program and other DOE programs involved with materials management and disposition.

DISCLAIMER .

This paper was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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ABSTRACT

In March 1995, the Department of Energy’s (DOE) Nuclear Materials Stabilization Task Group
(NMSTG) chartered a committee to formulate a research and development (R&D) plan in response to
Sub-recommendation (2) of Defense Nuclear Facilities Safety Board (DNFSB) Recommendation 94-1.
The NMSTG was established as an organizational unit operating under the auspices of the DOE Office of
Environmental Management. As a result of its efforts, the Research Committee concluded that, in
general, the technology needs for stabilizing 94-1 nuclear materials are being adequately met by existing
or planned DOE programs. At the same time, the committee, in the form of recommendations, noted
specific R&D program areas that should be addressed by the NMSTG. These recommendations are
documented in the R&D plan and formulated based on: (1) existing “gaps” in DOE’s R&D stabilization
program, (2) the relative maturity of various technologies, and (3) other important R&D program issues
that, in the judgement of the committee, should be addressed by the NMSTG. A systems engineering
approach, derived from the aerospace industry, was applied to the various stabilization technologies to
assess their relative maturity and availability for use in treating 94-1 nuclear materials.

INTRODUCTION _

On May 26, 1994, the DNFSB issued Recommendation 94-1, which expressed the Board's concern about
nuclear materials left in the manufacturing "pipeline" after the United States halted its nuclear weapons
production activities. The DNFSB emphasized the need for remediation of these materials. DOE
accepted DNFSB Recommendation 94-1 on August 31, 1994. After establishing the Nuclear Materials
Stabilization Task Group, DOE issued an implementation plan to address these concerns ("Defense
Nuclear Facilities Safety Board Recommendation 94-1 Implementation Plan," February 28, 1995).

As part of Recommendation 94-1, Sub-recommendation (2) stated "that a research program [should] be
established to fill any gaps in the information base needed for choosing among the alternate processes to
be used in safe interim conversion of various types of fissile materials to optimal forms for safe interim
storage and the longer term disposition. Development of this research program should be addressed in
the program plan called for by [the Board]."

Consequently, in March 1995 the NMSTG chartered a committee to accomplish the following: (1) assess
the nuclear materials stabilization program outlined in the implementation plan, (2) formulate an R&D
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plan to address the technology and core program needs of the stabilization program, and (3) prepare task
statements defining R&D activities required to accomplish program objectives.

The methodology used by the committee to formulate the plan included a review of the Implementation
Plan and Site Integrated Stabilization Management Plans; visits to the Savannah River Site (SRS), the
Hanford Site (Hanford), Lawrence Livermore National Laboratory (LLNL), and Los Alamos National
Laboratory (LANL); and regular meetings of the Research Committee, including ex-officio members and
technical advisors.

In developing the plan, the committee addressed five of the six material categories discussed in the 94-1
Implementation Plan, which consisted of plutonium solutions, plutonium residues and oxides (< 50% Pu),
plutonium metals and oxides (> 50%), uranium metals, and special isotopes. R&D efforts related to
spent nuclear fuel stabilization, the sixth category, were specifically excluded from consideration in the
plan. These efforts are being coordinated through the Technology Integration Technical Working Group
established by the Office of Spent Fuel Management in June 1993. In addition, issues related to funding,
schedules, logistics planning, and facilities were not within the scope of the plan and are being addressed
by the Integration Working Group and by other groups as designated by the Director of the Nuclear
Materials Stabilization Task Group.

The committee selected to develop this R&D plan consists of 10 members: 2 independent consultants
serving as co-chairmen and 8 technologists representing five DOE national laboratories and three produc-
tion sites. In addition, ex-officio members from the DOE Office of Fissile Materials Disposition; the
Office of Environment, Safety and Health; and other national laboratories were irvited to attend the
Research Committee’s meetings. Organizationally, the Research Committee reported directly to the
NMSTG Director.

In responding to DNFSB Recommendation 94-1, DOE committed to complete specific nuclear materials
stabilization tasks assigned to 3- or 8-year timeframes. The Research Committee focused its review on
existing technologies and on technologies currently under development to determine their adequacy
relative to the 3-year commitments shown in Table 1. The committee also outlined R&D requirements to
address technologies needed to support the Department's 8-year commitments.
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Table 1. Three-Year Stabilization Commitments

Commitment Date
Transfer PUREX solutions to tank farms (Hanford) August 1995
Stabilize plutonium residue sludge (Hanford) September 1995
Stabilize 220 kgs of residues (LANL) October 1995
Vent 2,045 drums of residue (RFETS) October 1995
Process F-Canyon plutonium solutions (SRS) January 1996
Stabilize 46 packages of ash (Hanford) March 1996
Repackage all metal in contact with plastics (All) September 1996
Vent inorganic and wet/miscellaneous residues (RFETS) October 1996
Remove and ship high enriched uranium solutions (RFETS) December 1996
Stabilize high-hazard pyrochemical salts (RFETS) May 1997
Stabilize high-hazard sand, slag, and crucible residues and graphite fines (RFETS) May 1997
Process H-Canyon Pu-242 solutions (SRS) November 1997
Convert HEU solutions to stable oxide (SRS) December 1997
Stabilize remainder of high-hazard pyrochemical salts (RFETS) December 1997
Stabilize sand, slag__, and crucible residues (SRS) December 1997

The Research Committee's first objective was to identify technology baseline requirements for all catego-
ries of nuclear materials and for related issues that must be addressed by the plan. These requirements
are presented in the R&D plan and provide the formal basis for all technologies needed to address nuclear
materials stabilization, regardless of the status of the required technologies. Programs that are either in
place or are currently being developed are discussed in the plan, but are too voluminous for presentation
in this paper. The format used for plutonium residues was based on the outline of categories established
in DOE-STD-Draft-SAFT-0045, "Criteria for Safe Storage of Plutonium-Bearing Materials." By com-
paring baseline requirements with existing programs, the committee identified technology "gaps" that
must be addressed if DOE is to-implement a thorough and effective nuclear materials stabilization pro-

gram,

The technology "gaps" identified by the Research Committee will be translated into task statements that
will be issued separately, as needed. In addition, a systems engineering approach was used to evaluate
the relative maturity of technplogies now under development at various DOE facilities. The results of the
analysis are also presented in the plan. These systems engineering data were used to determine (1)
whether certain technologies designated as part of the baseline for stabilizing various categories of
nuclear materials are sufficiently mature to require minimal attention from NMSTG and (2) whether cer-
tain competitive alternative or backup technologies should be pursued to ensure that methods for sta-
bilizing nuclear materials will be available in a timely manner. The resulting maturity scores were based
on information available at the time the plan was prepared and should be updated, as appropriate, before
being used to support important programmatic decisions.
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To ensure the timely development and implementation of the technologies outlined in the plan, the
NMSTG will continuously track the progress of the R&D program. If a baseline technology seems
unlikely to achieve the desired results or if a single competitive alternative technology must be selected,
the NMSTG may, at its discretion, charter a trade study as part of the decision basis for that technology.

The plan was based solely on those nuclear materials stabilization requirements available to the committee
at the time the plan was developed. In part because these requirements are still evolving, the nature of
the R&D required to support this effort will change over time. Thus, the plan represents a snapshot in
time and will need to be updated on a regular basis. The Research Committee was disbanded as of the
issuance of the R&D Plan. Responsibility for tracking the information contained in the plan and for
preparing updates to the plan will fall to the Plutonium Focus Area, an organizational unit charged with
fulfilling the functions formerly assigned to the Research Committee. At present, the NMSTG plans to
issue the first major update of this document in November 1996.

CONCLUSIONS

As a result of its efforts, the Research Committee concluded that, in general, the technology needs for
stabilizing 94-1 nuclear materials are being adequately met by existing or planned DOE programs. At the
same time, the committee has noted specific R&D program areas that should be addressed by the
NMSTG. The recommendations summarized in Tables 2, 3, and 4 address these issues. To accomplish
its objectives, the committee developed a comprehensive set of technology baseline requirements against
which existing stabilization technologies should be measured. This comparison resulted in the
identification of technology "gaps" in DOE's R&D stabilization program. These gaps are identified as
recommendations in Table 2. Using a systems engineering approach, the committee also developed
recommendations based on the maturity score of each technology considered. The recommendations
listed in Table 3 relate to those technologies that, because of high maturity scores (low relative maturity),
should be closely tracked by NMSTG to ensure their availability to meet 94-1 commitments. The
recommendations provided in Table 4 identify important R&D program issues that, in the collective
judgment of the committee, should be addressed by the NMSTG. These recommendations are offered to
provide direction in key areas related to R&D and to identify potential programmatic weaknesses that
may require attention from NMSTG management.

The recommendations offered in Tables 2, 3, and 4 are constrained by the following caveats:

. If significant changes‘are made in DOE-STD-3013-94, “Criteria for Safe Storage of Plutonium
Metals and Oxides,” or in DOE-STD-Draft-SAFT-0045, “Criteria for Safe Storage of Plutonium-
Bearing Materials,” significant changes in R&D needs may result.

. The ranking of technologies is based on meeting near-term goals (3 or 8 years) for stabilization.
Since facility readiness and operational safety readiness for new or modified facilities may not be
completed within a 3-year (and perhaps within an 8-year) schedule, new technologies are
identified but are not ranked.

. Economic evaluation of alternative process options was not conducted.
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Table 2. Recommendations to Address Technology "Gaps" in the Stabilization Program

RECOMMENDATIONS

COMMENTS

Develop standards for the stabilization and storage of
each of the special isotopes (Pu-238, Pu-242, and
isotopes of Np and Am/Cm).

Site-specific rather than DOE-wide standards should be
acceptable for each of these materials. Am/Cm isotopes
will be stored in a highly shielded facility. Neptinium
will require additional shielding because of its decay
product. Pu-238 will require heat removal, venting to
prevent helium buildup, and shielding.

Develop analytical methods for determining moisture
content, gas composition from radiolysis, and reactive
metals present in pyrochemical salts.

A process will be required to characterize moisture and
reactive metals in salts treated for stabilization and to
analyze the effects of radiolysis on stored salts.

Develop a flowsheet for stabilizing neptunium solutions
at SRS.

Neptunium flowsheet development will require some
R&D; however, the development of major new
technologies should not be required.

Develop large-volume storage containers for low-assay
(<10%) plutonium residues.

Existing storage configurations include containers that
are larger than those prescribed by DOE-STD-3013-
94. Larger containers (which will minimize the number
of storage positions required) must be compatible with
vaults planned for storage.

Evaluate the need for corrosion-resistant containers for
halide salts and other corrosive residues.

Pyrochemical salts may either be processed for actinide
separation or stored. If stored, corrosion-resistant
containers must be used to ensure the long-term safe
storage of salts.

Develop a surveillance system for monitoring Am/Cm
and Pu-238 in storage.

Because of the high radiation levels for Am/Cm and the
high heat generation rate for Pu-238, additional
surveillance measures will be needed for storing these
materials.
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Table 3. Recommendations for Tracking Technologies to Meet Stabilization Commitments

RECOMMENDATIONS

_COMMENTS

Complete the timely development and startup of the
vertical calciner at Hanford.

Although backup technologies are more mature, the
vertical calciner will eliminate generation of a
byproduct waste stream. This technology has been
accepted by Hanford stakeholders.

Continue the concurrent development of multiple
processes for stabilizing all categories of hazardous
combustibles containing plutonium.

Multiple technologies are required if all hazardous
combustible materials are to be treated (e.g., pyrolysis
for other combustibles, catalyzed chemical oxidation,
polycube pyrolysis, ion exchange denitration, chemical
oxidation). Incineration is the most mature of these
technologies; however, institutional issues currently
preclude its use. Consequently, less mature
technologies should be closely tracked by NMSTG
management.

Continue the development of the modular concept at
LANL as a means to eliminate startup of processing
facilities at various sites.

-

Successful implementation of this innovative technology
could produce substantial savings, allowing facilities
that would otherwise be needed for accomplishing 94-1
goals to shut down.

Continue the development of technologies to address U-
233 criticality safety issues at the MSRE facility.

Multiple technologies are being evaluated to determine
the best option for addressing U-233 criticality safety
issues associated with the MSRE Remediation Project.

Continue development of the bagless transfer system as
a baseline technology and of electrolytic
decontamination as a close-coupled backup technology
for plutonium packaging. ,

The bagless transfer system is costly and needs to be
demonstrated. Electrolytic decontamination coupled
with manual loading and packaging could be a less
costly alternative that is more readily implemented.

Complete development of digital radiography and/or
digital radiography/tomography for monitoring
plutonium packages in storage.

Noninvasive surveillance systems will minimize the
need to sample and analyze materials in storage.
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Table 4. Other R&D Program Recommendations

RECOMMENDATIONS

Evaluate the institutional issues—particularly, negative
public perceptions—that prevent deployment of
incineration technology, which the RC believes to be the
most viable method for treating combustible residues.

COMMENTS _“

Incineration is the preferred technology for treating
combustibles. Institutional issues preventing its use
require further investigation. A favorable resolution of
these issues can reduce R&D related to the stabilization
of combustibles.

Maintain an ongoing core technology program to
support stabilization technologies, to address unforeseen
problems associated with long-term storage, and to
provide technology for predicting the long-term
behavior of nuclear materials.

As long as nuclear materials require stabilization and
storage, R&D support will be needed to provide a
better understanding of their behavior in order to
address anomalies that may occur.

Provide R&D to idéntify and support the development
and implementation of an interim storage standard for
residues.

The interim storage standard is in a state of change.
R&D support will be required to establish a technical
basis for the standard.

Continue basic R&D studies of plutonium oxide
behavior in support of DOE-STD-3013-94 (>50 and
<80 wt % plutonium.)

Pure plutonium oxides (>80 wt % plutonium) can be
stabilized at lower calcination temperatures and can
contain higher levels of moisture for long-term storage.
Less pure oxides should be evaluated to determine
whether they can also be stabilized at lower
temperatures.

Approve a DOE-wide storage standard for uranium
metals and oxides and for other corrosive residues.

A site-specific standard is being used at the Oak Ridge
Y-12 Plant, where most of DOE's high enriched
uranium is stored. A DOE-wide standard, now under
consideration, needs to be approved.

Develop an integrated approach for the storage and
surveillance of plutonium packages, using nonintrusive
technologies that minimize personnel exposures and
maximize safeguards and security.

Although surveillance procedures are being developed
for specific items, no systematic overall approach has
been developed to monitor plutonium materials in
storage. Noninvasive surveillance should be
emphasized, minimizing the need for labor-intensive
activities.
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The approach used by the Research Committee to develop the plan involved a review of those
technologies applicable to 94-1 Implementation Plan issues. Thus, this document does not reflect an
R&D plan in the traditional sense, but rather it illustrates the breadth of technologies available to the
NMSTG for addressing 94-1 requirements. The plan also identifies gaps in technological information
that should be considered in order to ensure the successful and timely stabilization of DOE’s nuclear
materials.

This process used in developing the R&D Plan is consistent with the problem-solving approach endorsed
by the Secretary for examining a wide range of issues faced by the Department in the post-Cold War
era. By emphasizing cooperation and information sharing within the Complex and by adopting proven
techniques from a variety of external sources, DOE has been able to allocate its limited resources more
efficiently. This R&D plan is also an integral part of the Department’s commitment to ensure the health
and safety of workers and the public through the responsible management of its inventory of nuclear
materials.

Based on the results of its efforts, the Research Committee concluded that, in general, the technologies
necessary to address 94-1 issues are currently available, are under development, or have been identified as
gaps that should be addressed'by NMSTG management. Thus, the committee concludes that new
initiatives involving costly R&D programs for extensive technology development are not necessary.
However, the NMSTG must establish the funding and tracking mechanisms to ensure that baseline and
competitive alternative technologies are implemented to meet 94-1 commitments. The systems
engineering approach used in formulating the plan offers an effective model for tracking and decision
making and should prove valuable to the NMSTG in ensuring the timely implementation of these
technologies. '

DISCLAIMER

The views expressed in this paper are those of the authors and do not necessarily reflect any biases,
proposed actions, or decisions of the United States Government or any agency thereof.
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Ceramification: A Plutonium Immobilization Process

William C. Rask
Department of Energy
Rocky Flats Field Office
Post Office Box 928
Golden, CO 80402-0928

Alan G, Phillips
Safe Sites of Colorado
Rocky Flats Environmental Technology Site
Post Office Box 464
Golden, CO 80402-0464

ABSTRACT

This paper describes a low temperature technique for stabilizing and immobilizing actinide
compounds using a combination process/storage vessel of stainless steel, in which measured
amounts of actinide nitrate solutions and actinide oxides (and/or residues) are systematically
treated to yield a solid article. The chemical ceramic process is based on a coating technology
that produces rare earth oxide coatings for defense applications involving plutonium. The final
product of this application is a solid, coherent actinide oxide with process-generated
encapsulation that has long-term environmental stability.

Actinide compounds can be stabilized as pure materials for ease of re-use or as intimate mixtures
with additives such as rare earth oxides to increase their degree of proliferation resistance.
Starting materials for the process can include nitrate solutions, powders, aggregates, sludges,
incinerator ashes, and others. Agents such as cerium oxide or zirconium oxide may be added as
powders or precursors to enhance the properties of the resulting solid product. Additives may be
included to produce a final product suitable for use in nuclear fuel pellet production.

The process is simple and reduces the time and expense for stabilizing plutonium compounds. It
requires a very low equipment expenditure and can be readily implemented into existing
gloveboxes. The process is easily conducted with less associated risk than proposed alternative
technologies.

INTRODUCTION

Ceramification is a term “coined” to describe a specific chemical ceramic process that can be
used to immobilize actinide oxides, actinide nitrate solutions, and actinide residues. The process
converts actinide nitrates and dispersible actinide oxides and residues into solid coherent oxide
articles. Actinide compounds can be stabilized as pure materials for ease of re-use or as intimate
mixtures with additives to effect criticality safety, radiation exposure reduction, and/or enhanced
proliferation resistance.
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A similar chemical ceramic process has been used in industry for 25 years to prepare metal oxide
coatings. Additionally, a version of the process was developed for molten metal containment in
weapons applications and was in production at the Rocky Flats Site for over 15 years.
Ceramification applies this well proven technology in a novel way to effect the stabilization of
actinide compounds.

The process is simple and reduces the time and expense for stabilizing actinide compounds. The
process requires a very low equipment expenditure and can be readily implemented into existing
gloveboxes.

Stabilization and Immobilization Issues .

The long-term stabilization and immobilization of the Department’s actinide inventories require
a multi-attribute analysis. Each approach must systematically consider the material form,
material packaging, and the storage facility including the safety system criteria. Each alternative
requires in-depth analysis of material processing capabilities, packaging capabilities, storage
spacing requirements, safety and security surveillances, actinide disposition determinations,
licensing and permitting requirements, and program life-cycle costs and schedules. In addition,
consideration must be given for increased proliferation resistance, including international (IAEA)
inspections.

The near-term initiatives require the Department to stabilize its actinide material forms, reducing
the material, packaging, facility, and institutional vulnerabilities. Desired initiatives are those
that expeditiously stabilize the material forms to reduce or eliminate the current respective health
and safety risks and to minimize future liabilities and costs.

Additional issues regarding the stabilization and immobilization initiatives include the adaptation
of approaches that minimize by-product waste generation, incorporate improved principles of
ALARA, and allow disposition options (e.g., re-use, long-term storage, proliferation resistance)
to proceed unencumbered. Also, appropriate considerations should be given to options that
benefit life-cycle costs, reduce safety surveillance requirements and corresponding exposures,
minimize the reliance on safety systems, reduce a site’s release fraction risks, and reduce the
future mortgage.

In general, the greater the stabilization of the material form, the less is the packaging and facility
requirements. More robust packaging also reduces the facility requirements. The future
mortgage required by safety systems, surveillances, and transportation will decrease as material
stabilization/

immobilization and packaging increase.

Ceramification -- The Concepts

Ceramification is a chemical ceramic process resulting in a product that is a polycrystalline
ceramic with a long-term environmental stability. Precursors are mixed with actinide material
forms and heated at a low temperature to produce this solid metal oxide article. The materials
combine in an orderly fashion, allowing excellent process control and reproducibility. The
process can incorporate and accommodate actinide nitrate solutions.
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The ceramification process bonds thermally stable materials together, for example, plutonium
oxide. The process also bonds unstable mixtures that thermally convert to a stable mass, for
example, plutonium bearing ash (residue).

Ceramification offers the duo-option capability of a high concentration actinide for reuse and
subsequent encapsulation of 2 homogeneous mixture for proliferation resistance.

Ceramification -- The Process

This immobilization process is based on a chemical ceramic coating process that produced rare
earth oxide coatings for defense applications involving the containment of molten plutonium. It
is a low temperature process for immobilizing actinide compounds using a combination
process/storage vessel of stainless steel, where measured amounts of actinide nitrate solutions,
actinide oxides, and/or actinide residues are systematically treated in the vessel to yield a solid
article. By-product waste streams are not produced with this process.

The process is a single operation with a rapid process time of about one hour. Ceramification
employs relatively low temperatures, between 300°C and 600°C, as compared to traditional
ceramic processing at 1500°C and above, “oxide calcination” at 1000°C, and vitrification at
1050°C to 1450°C. The process requires a very low equipment expenditure and can be readily
implemented into existing gloveboxes. Furnaces are typically less than $1,000, requiring 110
volts. The process is therefore more easily conducted with less associated risk than other
proposed technologies.

Since the final actinide product is a solid article, requirements for material movements, storage,
surveillances, and transportation are all drastically simplified. Accountability becomes an issue
of article identification, greatly reducing exposure and expense. Since Ceramification is a
flexible process, it can accommodate numerous additives to effect criticality safety (i.e., neutron
absorbers), radiation exposure reduction, and provide enhanced degrees of proliferation
resistance.

Ceramification is capable of preparing porous articles that have an exceptional density to
strength ratio. Ceramification is ideal for applications such as waste stabilization that takes
advantage of this simple property. The process forms ceramic bonds that bind these porous
articles together into a cohesive structure that resists thermal and mechanical shock and absorbs
expansive and contractual stresses from the formation of daughter products. Therefore,
Ceramification forms tough resilient articles which when crushed under sufficient stress will
yield large chunks with few fines. Reinforced ceramification articles strongly resist any
significant deterioration from external forces. As a result, porous articles produced by
Ceramification compare quite favorably to other materials such as glasses, enamels, traditional
ceramics, and glass ceramics.

Ceramification can be employed to stabilize and immobilize wastes containing significant

amounts of ash. During the thermal curing process of Ceramification, ash is converted to carbon
monoxide and carbon dioxide while nonvolatile contaminants are immobilized into a solid
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article. Even though the ash bearing waste contains constituents such as metals, metal oxides,
carbides, nitrides, and potentially metal chloride salts, solid coherent atticles can still be formed
with minimal process impact using Ceramification. The waste can also contain materials that
thermally decompose to stable compounds during the processing.

The basic solid product of Ceramification has not been subjected to leach testing so its leach
resistant is unknown. However because of the flexibility of the process, several techniques can
be employed to increase leach resistance, if required.

Ceramification -- Benefits :
Ceramification has several advantages over traditional stabilization techniques. First, the capital
costs of implementing Ceramification for stabilization of actinide nitrates, oxides and ashes are
low compared to calcination or other proposed alternatives. Unlike the alternatives,
Ceramification employs relatively low temperatures between 300°C and 600°C and can be
performed in low cost furnaces. Other equipment and supply costs are nominal. The main
capital expense for all stabilization alternatives is the procurement and installation of gloveboxes
to perform the work. Since, Ceramification is a simple process requiring little equipment and
limited space, it could be incorporated into an existing glovebox line.

Since Ceramification produces a solid product that is non-dispersible, several advantages are
gained as compared to simply storing oxide or residues in dispersible forms. A solid end-product
reduces potential contamination of facilities, equipment, and personnel during handling of
material. Also, Ceramification reduces the long-term risks of storing actinide oxides and
residues in a dispersible form in the event of an accident involving the storage facility.
Implementation of Ceramification could impact (reduce) the requirements of a storage facility
and its safety systems for plutonium oxides and dispersible residues. Transportation issues are
also simplified.

Rocky Flats® plutonium oxides (containing 3,200 kgs of plutonium) could be processed within
one to two years, because of the rapid processing time, for example. It is believed that this is less
time than required for calcination that does not significantly reduce the dispersibility risk
associated with storing oxides as powders; and, much less time than alternatives that, like
Ceramification, immobilize plutonium oxide. Ceramification produces an environmentally
stable product that can be later readily combined with other technologies to produce a long-term
storage material form. :

Ceramification should bond plutonium oxide together for a non-dispersible product that yields a
pure plutonium resource. The bonded articles can be ground to a powder for use in nuclear fuel
production. Also, the bonded article can be treated with direct oxide reduction or chemical
dissolution to take the oxide to the metal. Since Ceramification is a flexible process, it can
accommodate numerous additives to effect a tailored product need, for example, criticality
safety, radiation exposure reduction, enhanced degrees of proliferation resistance. Composite
ceramic articles of plutonium oxide as intimate mixtures with additives can be created to meet
the needs of long-term storage incorporating the most stable forms of ceramic minerals.
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Ceramification provides a single stabilization/immobilization process for actinide nitrates,
actinide oxides, and actinide bearing residues without by-product waste streams. The process is
simple and reduces the time, exposure, and expense for stabilizing the actinide compounds. The
product can be tailored to the need, allowing an open slate for disposition options, while at a
minimum, eliminating near-term storage risk issues. Future liabilities and the mortgage
reductions can be realized since the product form is a solid.

Ceramification -- Companion Industrial Technologies

The technology of using precursors to prepare metal oxide articles has been utilized in industry
for over 25 years. The technology has been used for wear and corrosion resistant components,
for example, the coated molds for CORELLEy dinnerware. Sharpening steels, the “Sportsman™
model by Buck Knives, utilize this technology. In addition, the technology was utilized in pure
and composite erbium oxide coatings for the containment of molten plutonium in foundry
operations and other defense applications.

Ceramification -- Implementation Steps

The technology has been demonstrated using precursors to prepare the metal oxide articles or
rare earth and lanthanide metals. Products composed of both non-radioactive materials and
actinide surrogates have been completed.

Testing utilizing actinides remains to be completed. Compounds to be tested include uranyl
nitrate - UO,(NO;),, plutonium oxide - PuO,, plutonium oxide plus plutonium nitrate - PuO, +
Pu(NOs),, plutonium nitrate - Pu(NOs),, and plutonium bearing ash. Tests are to include data
regarding: 1) product compliance with DOE’s LOI storage standard; 2) product crushing with
respect to dispersion resistant product; and 3) homogeneity and repeatability of product
formation.

Ceramification -- Summary and Conclusions
Ceramification is an effective treatment process for quickly and economically immobilizing
actinide nitrate solutions, actinide oxides, and actinide residues as solid articles.

Proprietary Information

This paper is a brief introduction to the Ceramification process. The subJect matter embodies
intellectual property rights. Detailed discussion will require a binding confidentiality and
disclosure agreements.

Disclaimer

The views expressed in this paper are those of the authors and not necessarily reflect any biases,
proposed actions, or decisions of the United States Government or any agency thereof.
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Investigation of the Possibility of Using Hydrogranulation in Reprocessing
Radioactive Wastes of Radiochemical Production Facilities

Dr. Vladimir Revyakin, Dr. Leonid Mikhailovich Borisov
All Russian Scientific and Research Institute of Non-Organic Materials
Rogov Street, 5
123060 Moscow, Russia

INTRODUCTION

Radio-chemical production facilities are constantly accumulating liquid radioactive wastes (still
residues as the result of evaporation of extraction and adsorption solutions etc.) which are a
complex multicomponent mixtures. The wastes are frequently stored for extended periods of
time while awaiting disposition and in some cases, and this is much worse, they are released into
the environment.

In this report, I would like to draw your attention to some results we have obtained from
investigations aimed at simplifying handing of such wastes by the precipitation of hard to
dissolve metal hydroxides, the flocculation of the above into granules with the help of surface-
active agents (in this case a polyacrylamide - PAA), quickly precipitated and easily filtered.
The precipitate may be quickly dried and calcinated, if necessary, and transformed into a dense
oxide sinter. In other words it may be transformed into a material convenient for storage or
burial.

Description of the process :

Optimum conditions for precipitation and granulation were determined by using a system that
simulates the still solution of the sorption processes. High aluminum and fluoride ion
concentrations are typical for many of the wastes. Many of the investigations we conducted, the
results of which are presented in this report, were for this reason conducted on systems
containing these elements. In all cases the water polyacrylamide solution (10 g/l commercial
solution) is introduced into the system after the precipitation of metal hydroxides.

The data in Table 1 indicate that conditions exist for significant co-precipitation of aluminum
and fluoride and the granulation of precipitants. A pH = 6.5 - 7.0 for ammonia precipitation and
a pH=15.5 - 6.5 for sodium alkali precipitation. It is felt that the results indicate the formation of
polymerized mixed aqueous hydrooxofluoride complexes like [Al,(H,0),(OH).F] ™. which
combine into micelles and by adsorbing some hydroxy complexes on their surface acquire a
positive charge which determines interaction with such anionogenic surfactants, as the
polyacrylamides.
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Table 1. The effect of pH values on precipitation and granulation efficiency.
(Initial solution: Al-10 g/I; HF - 0.12 mole/l; HNO; - 0.2 mole/l).

pH pH CONTENT OF GRANULE
PRECIPITATION | GRANULATION MOTHER LIQUOR SIZE (mm) **Mpaa
NH,OH Al, mg/l F’, mole/l
9.0 9.0 - - gel 310
9.0 75 1.0 0.00034 <0.5 74
9.0 7.0-6.5 1.0 ~0.00020 2.0-4.0 77-78
9.0 6.0 5.4 0.00024 2.0-4.0 85
75 6.0-7.0 ~1.0 ~0.00010 0.5-1.0 115-130
75 5.5 10 0.00025 0.5-1.0 155
NaOH
8.5-7.8 7.0-6.0 ~0.5 0.00015- 3.0-5.0 68
0.00020
75 75 1.8 0.00065 <0.5 88
6.0-6.5 6.0-6.5 ~0.5 ~0.00010 1.0-2.0 80-72
55 5.5 1.5 0.00013 1.0-2.0 112

* the pH is adjusted by the addition of the necessary amount of acetic acid; ** mpy4 -
minimal amount of polyacrylamide (mg) per I g of precipitated cation, needed for the
granulation of precipitant.

The results indicate that by applying the method of alkali concentration in the presence of PAA,
aluminum and fluoride can be separated from liquid waste. However, such systems always
contain equipment corrosion products and other technological admixtures. Table 2 shows the
results of alkali concentration and granulation of aluminum-fluorides mixtures in the presence of
such admixtures. It follows that with pH=6.0 - 7.5, aluminum nitrate solutions containing
fluoride will quite satisfactorily co-precipitate corrosion products (iron, chrome, nickel) and
copper. Magnesium and calcium are only partially precipitated (up to 40 - 50%). In all cases the
granulation is good.
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Table 2. Cation behavior in a Al - F system during precipitation and granulation.
(Precipitating agent - NaOH - 15 mole/l).

K™ COMPOSITION OF pH Mpan | MOTHER | GRANULE
INITIAL SOLUTION GRANULATION LIQUOR SIZE
HNO,, | Al F, K, Al, K, mm
mole/l g/l mole/l g/l mg/l mg/l
Fe3+ | 1.0 | 100 | 0.12 | 34 6.0 90 1.0 0.1 0.5-1.0
6.6 78 | <0.5 0.2 1.0-2.5
7.0 69 | <05 0.2 1.0-25
7.5 60 238 0.6 1.0-2.5
Cr 10 | 100 | 0.12 | 0.60 6.0 91 1.0 0.1 1.0-1.5
6.5 75 | <05 | 0.5 1.0-2.0
75 70 22 0.1 1.04.0
Ni© 10 | 100 | 0.12 | 063 6.0 90 1.0 40 0.5-1.0
6.5 75 | <05 20 1.0-2.0
7.0 75 12 45 1.03.0
7.5 76 1.7 0.05 1.0-3.0
Mg~ | 1.0 | 100 | 012 | 76 6.0 120 | <05 | 5000 0.5-1.0
6.5 112 | 05 4300 1.0-2.0
7.0 104 | 0.6 | 4200 103.0
7.1 100 | 06 3200 1.0-4.0
Ca | 10 | 100 | 012 | 25 6.0 88 0.6 1500 0.5-1.0
6.5 ) 0.8 1400 1525
7.0 72 13 1300 15-2.5
75 60 6.1 1300 3.0-4.0
Cu2+ | 1.0 | 100 | 0.12 | 050 6.0 99 1.0 1.3 0.5-1.0
6.5 88 0.5 0.2 15-1.0
7.0 80 0.5 0.05 1020
75 76 17 0.05 1.0-3.0

Note: 1. K™ - the added cation; 2. Granulation temperature was 20 - 24° C.

Aluminum fluoride solutions were used to study the effect of some other technological
parameters (Table 3 - 4).

The results shown in Table 3 indicate that the largest, easily filterable granules are formed when
the amount of PAA is in the range of 65 - 98 mg per gram of aluminum. This value is not
constant for a system that contains not only aluminum, but other precipitating cations as well.
One should note that the excess PAA remains in the mother liquor and the granules themselves
lose mobility and bind into conglomerates.
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Table 3. The effect of mpy 4 on the filtration rate of granulated residues.
(The initial solution: Al - 1.5 mole-1; NaF - 0.5 mole/l; NHO; - 3.0 mole/l; precipitant -
NaOH - 15 mole/l; pH=6.5)

GRANULE

Mpas MOTHER LIQUOR, % SIZE (mm)

B 5" 30” 60" 2 5° 10°

0 132 289 474 763 974 1000 gel
10.9 139 36.1 55.5 833 98.5 100 <05
21.7 13.0 27.7 472 75.0 97.2 100 <05
435 278 80.5 94.4 974 100 . <05
65.2 61.0 97.2 100 B - n 1.0-3.0
978 61.0 100 n - - - 1.0-3.0

Note: A Nutsche filter overlaid with a paper “blue ribbon” filter at a vacuum of 0.14 kg/cm”
was used.

Table 4. The effect of the presence of nitric acid in the initial solution prior to precipitation.
(Initial solution: Al - 10 g/l; HF - .12 mole/l; precipitant - NH4OH).

GRANULE

HNO; | mpaa pH t°C SIZE

mole/l PRECIPITATION | GRANULATION | PRECIPITATION | GRANULATION mm
0.1 74 85 7.0 24 24 2.04.0
0.5 74 85 7.0 25 24 2.0-4.0
1.0 78 85 7.0 30 28 2.0-4.0
2.0 97 8.5 7.0 32 30 1.0-3.0
3.0 388 85 7.0 38 35 0.5-1.0
3.0* 124 35 7.0 37 24 1.0-3.0
4.0 290 3.5 7.0 45 38 gel
4.0% 74 85 7.0 46 24 1.0-3.0
5.0 388 85 7.0 55 48 gel
5.0% 74 8.5 7.0 55 24 1.0-3.0

* the system was cooled prior to regulating the pH level.

Table 4 shows that granulation proceeds quite successfully in the initial systems with a wide
range of nitric acid concentrations. However, when NHO; exceeds 2 mole/l, the hydroxide
residue requires preliminary cooling.

To sum up the results, it may be stated that still residues from the evaporation of sorption and
extraction solutions (with a wide range of compositions) are suitable for hydrogranulation in the
presence of PAA.

Since the solutions always contain some quantity of plutonium and americium, it was necessary
to investigate their behavior during this process in order to determine the fate of the mother
liquor. The following simulated still solution was used for this purpose: K™=11.3 g/l; (Al=8.1
g/1;), NaF = 0.10 mole/l; NHO; =4 mole/l; Pu=5mg/l; Am=35 mg/l. Precipitation was
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induced by sodium alkali (15 mole/I) and the amount of PAA was 52 mg per kg of metal (see

Table 5).

Table 5. The correlation between the pH environment and the plutonium and americium co'ntent
of the mother liquor.

pH MOTHER LIQUOR CONTENT
GRANULATION mg/l
Pu Am
7.1 10-19 0.06
75 6 0.03
8.0 6 -
8.5 6 . 0.006
9.0 5 0.008

The results of the investigations show that in certain conditions significant amounts of plutonium
and americium pass into the residue with insignificant amounts remaining in the mother liquor.
Similar results were obtained with actual still solutions.

Along with the standard wastes of a more or less known composition, the radio-chemical
production facilities often accumulate and store for extended periods of time wastes-concentrates
of quite complex composition (one example is shown in Table 6).

Table 6. Composition of mixed waste from extraction processes.

CONTENT CONTENT CONTENT
ELEMENT g/l ELEMENT g/l ELEMENT g/l
8] 0-15 Pr 0-0.5 Cs 0.5
Pu 0.05 Nd 0-0.2 HNO, 240-360
Fe 2-25 Eu 0.2 SO~ 4-6
Cr 05-2.0 Y 0.2
Ni 2-10 Sm 0.2-0.6
Ca 1.5-2.0 Gd 02-0.6
Na 25-40 La 0.2-0.6
Al 5-20 Ce 1.0
Mo 0-0.5 Pd 0.05

This concentrate was subjected to hydrogranulation with PAA. It was determined that effective
granulation of residues occurs with a pH =35 - 7. In order to ensure full precipitation of
hydroxides, the working pH level was set at 6.5 - 7.0. The effect of PAA concentration on
granulating characteristics was studied at this pH level (see Table 7).
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Table 7. The effect of PAA concentration on granulating characteristics.

mg PAA/l1g
NN pH EMe CHARACTERISTICS OF GRANULES
1 6.6 445 Weak granulation. Loose, large granules.
2 6.65 66.6 Good granulation. Granules are mobile and do not stick together
when filtered.
3 6.6 133 Slight sticking of granules to filter.
4 6.7 178 Very sticky during filtration.

When this process is carried out in set conditions (pH = 6.5 - 7.0; PAA 100 mg/1 g of metal),
granulation is determined by the intensity of mixing, with almost immediate separation of
phases. The precipitate is easily filterable and easily separated from the filter surface.

Calcination of the granulate at temperatures reaching 850°C showed that in several instances, the
oxides sintered to form large conglomerates, which formed rather strong bonds with the stainless
steel cuvette. The explanation for this hes in the unwashed sodium hydroxide residues, which
melted when temperatures reached 300 °C and the results were as described.

This phenomenon may be totally eliminated if the granulate is flushed twice with water. The
oxides, produced after calcination at a temperature of 850 OC, are weak, easily separated
agglomerates. In order to measure the characteristics of the oxides they were passed through a
sieve with a 1 mm mesh. For the 1mm polyfraction, the measured bulk density was 1.02 - 1.23
g/cm3, and the flow rate - 1.0 - 2.15 g/sec (through a 6mm diameter funnel). It was noted that the
so called “dust” fraction accounted for less than 6 - 10% of the mass. The fluidity of the
material indicates that there will be no problem with is transfer by pneumatic devices. We feel
that this material can also be used to fill special containers for eventual storage (or burial). Itis
also possible to form it into briquettes.

This technology provides for the oxidation of 93 - 96% of the mass of cations, precipitated in the
form of hydroxides.

The remaining liquid phase is for the most part a solution of sodium nitrate and calcium nitrates,
cesium, strontium. The filtrate contains approximately 10 mg/l of precipitated cations.

We feel that the described method for the treatment of liquid radioactive waste could become a
part of the technological processes that are currently in use, or are being developed, for radio-
chemical production facilities within programs for waste utilization.

DISCLAIMER
The views expressed in this paper are those of the author(s) and do not necessarily reflect any
biases, proposed actions, or decisions of the United States Government or any agency thereof.
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ABSTRACT

Both the Mixed Waste and Landfill Stabilization Focus Areas as part of the Office of
Technology Development efforts within the Department of Energy's (DOE) Environmental
Management (EM) Division have been developing various vitrification technologies as a
treatment approach for the large quantities of transuranic (TRU), TRU mixed and Mixed Low
Level Wastes that are stored in either landfills or above ground storage facilities. The
technologies being developed include joule heated, plasma torch, plasma arc, induction,
microwave, combustion, molten metal, and in situ methods. There are related efforts going into
development of pretreatment and off gas treatment facilities that are a necessary part of any
integrated thermal treatment approach. In addition, compositional studies are being conducted to
develop glass, ceramic, and slag waste form windows of opportunity for the diverse quantities of
heterogeneous wastes needing treatment. These studies look at both processing parameters, and
long term performance parameters as a function 6f composition to assure that developed
technologies have the right chemistry for success. :

INTRODUCTION

A joint technical peer review was held from November 13 through 15 in Dallas, TX covering all
the vitrification technologies either currently or previously funded by Environmental
Management (EM). The purpose of this peer review was to look at the development activities
primarily within the Mixed Waste (MWFA) and Landfill Stabilization Focus Areas (LSFA) to
determine the current status, strengths/weaknesses, future needs, and any duplication of efforts.
These programs were reviewed by both a "blue ribbon" independent technical panel made up of
industry, university, and international experts in the fields of glass and ceramic processing, off
gas systems, geochemistry, and nuclear physics, and a users group panel consisting of site
representatives, stakeholders groups, and EM division representatives. It is expected that the
recommendations from these panels will be heavily factored into the direction and funding
decisions of future developments in this area.

A broad spectrum of vitrification technologies are currently under study and are in various stages
of technical maturity. This paper provides an overview of these various technologies
highlighting the strengths and weaknesses of each and the target problems they are best suited to
address.

MELTER SYSTEMS

There are a number of melter systems currently being developed. The major distinction between
any of these systems is the method employed to heat the batch. Some systems such as joule

165



heated melters are well suited for operation at lower temperatures with a cold cap of unmelted
material providing a blanket to minimize volatilization. Other systems such as the plasma torch
and plasma arc systems and cold crucible systems are better suited for higher temperature
operation which can provide a more omnivorous approach to heterogeneous and mixed waste
problems. The basic unit operation in either case is to heat the waste plus glass making additives
to the point where they become a fluid molten pool. This melt process destroys associated
organics and then upon discharge solidifies into a reduced volume, leach resistant solid glass,
ceramic, or slag waste form.

Recently a down selection of melter technologies was conducted for treatment of Hanford low-
level tank waste. This is one of the only studies where a number of melter systems have been
compared under a nearly identical set of criteria for a specific waste problem. A two phased
melter vendor testing program was initially planned, however only the first phase was completed
in which seven vendors went through a preliminary technology evaluation, and down selection.
The primary technical objective was to evaluate the melter feed preparation, melter performance,
and off gas treatment system as a whole to get at melter material balances, and evaluate process
control, process limits, and product quality. In general the cold top joule heated melter
technologies rated best based on mass balance, reduced volatilization, and maturity of the
technology. Also slurry feeding was preferred over dry feed for off gas considerations. More
studies such as this are needed under a variety of operating conditions and waste types.

Following is a brief discussion of each technology receiving funding over the past several years
that was reviewed during the Dallas technical peer review. A summary of each technology with
pertinent characteristics is tabulated in Table 1. Some of these characteristics are somewhat
subjective and may not be all inclusive of every possible variation but can provide a common
starting basis for comparison.

Plasma Are - Plasma arc systems have been around for some time as they were initially
developed for the metal refining (primarily steel) industry. There are basically two types of
plasma arc melter systems, which are either AC and DC powered. Both are capable of reaching
relatively high melt temperatures in excess of 1800 °C. At these temperatures most wastes will
melt without regard to composition. Generally these melters operate in a transferred arc mode,
meaning that the electricity flow is from the electrodes directly to and through the melt. The
electrodes are generally made out of graphite, and therefore the melter is operated in a reducing
atmosphere to prolong the life of the electrodes which would be rapidly consumed in an
oxidizing atmosphere. Operation in a reducing mode will generate a metallic layer on the bottom
of the melter from the various metals components found in the wastes. The bulk of the
radioactive components will partition into the slag or glassy top phase, therefore a relatively
clean metal phase can be separated from such melters when equipped with separate tap holes..

Such systems can be operated with either a long arc, a short arc, or a submerged arc. As the arc
length (distance between electrode and melt decreases) the joule heating component increases
and the radiation component decreases. Therefore, there is a large joule heating component to
such systems. This normally implies an increase in electric efficiency, therefore it is
advantageous to operate with a short or submerged arc. Also the ability to use a submerged arc
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allows operation with a cold cap which minimizes volatilization of radioactive components and
RCRA metals that one would like to retain in the melt.

Such melters generate a minimum of off gas since no torch gas is employed. Only organics,
water, and other volatiles constitute the off gas. Both types of melters have been developed for
potential waste treatment but the current emphasis seems to favor the DC rather than AC
powered systems due to their simpler operation and greater efficiency. The AC arc melter work
has been carried out by the US Bureau of Mines while the DC arc melter work is being
performed at Idaho National Engineering Lab (INEL),

Pacific Northwest National Lab (PNNL), Savannah River Site (SRS), and Massachusetts
Institute of Technology (MIT) under the LSFA.

The big advantage to arc melters is the ability to be relatively omnivorous in their approach to
waste treatment. Much drummed waste and soils could be directly fed to large scale systems
without need for detailed characterization and sorting which would be cost prohibitive on a large
scale. The primary disadvantage is that most of the testing to this point has been done on
surrogate wastes, therefore there remain major concerns about both radioactive partitioning and
potential off gas problems.

Plasma Torch - The other plasma units under development are based on torch technology. In
these systems a gas is used to stabilize and focus the arc and ionized gases onto the melt surface.
At the same time the gas stream helps to transfer the heat energy and mix the melt as it impinges
on the surface. Plasma torch systems can generate gas temperatures up to 10,000°C while the
melt may be 1600 to 2200°C or more. Either a transferred or non-transferred arc torch may be
used. The transferred arc torch is similar to the DC arc melters in that a large joule heating
component is present while the non-transferred torch strikes the arc directly within the torch
housing and uses solely the gas stream to push the plasma out of the torch and transfer the heat.
As such the non-transferred arc torch is less efficient than the transferred arc torch, however the
torch life of such systems may be as much as ten times greater which can be a major
consideration in high activity alpha or other remote handled types of wastes.

The plasma torch systems generally do no use graphite electrodes. Therefore, they can operate in
an oxidizing mode, which can potentially drive all of the metals into a single glassy or slag phase
depending on the relative benefits offered by such waste forms. Although a gas is used to
stabilize and focus the torch the quantity is not large, therefore the required off gas treatment
system should be only marginally more involved than the plasma arc systems. However, a
secondary combustion system is generally employed to insure complete destruction of all organic
components.

Two basic systems are currently under development. The first is the Plasma Hearth Process.
This consists of a stationary hearth and gimbled plasma torch which can be rotated around the
hearth at will. This system is being developed by Science Applications International Corp
(SAIC) STAR Center and Argonne National Lab (ANL)-West at INEL for the MWFA. Studies
to date suggest that the system is well suited to handling drummed waste generating a slag type
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of waste form which meets all Toxicity Characteristic Leach Procedure (TCLP) requirements and
surpasses Product Consistency Test (PCT) High Level Waste( HLW) standards. To date only
surrogate wastes have been studies, but a bench scale radioactive unit is being developed which
should be ready for testing in early 1996.

The second system is the Plasma Centrifugal Furnace which is being developed by MSE at the
Western Environmental Technology Office (WETO) facility also for the MWFA. This plasma
torch system operates inside a large rotating tub that uses the centrifugal force to retain the waste
and melt inside the tub while it is being melted, then upon slowing the rotation, the melt can be
discharged through a central bottom port. Similarly the off gases exit through the bottom port
and are directed to the secondary combustion chamber. This system has been demonstrated on
only surrogate wastes, but has demonstrated an ability to handle very high metal contents up to
nearly 70 % as Fe,O; and an ability to handle small amounts of energetic ordnance without upset
to the off gas system or other fugitive emissions.

The advantages of such systems are the relative ease with which they can handle drummed waste
and the ability to operate in either oxidizing or reducing modes. The disadvantages are the
higher degree of mechanical complexity and relatively short lifetimes of the torch components
which lead to reduced on line percentage and higher maintenance requirements.

Joule Heated - Joule heated melter technology is probably the most advanced technology since
it has been used extensively by the glass industry for more than 50 years. Also, it is relatively
well developed specifically for treatment of HLW by both Savannah River and West Valley. A
similar facility is planned for treatment of Hanford high level tank wastes. Joule heated melter
technology uses submerged electrodes to conduct an electric current through the melt with heat
generated by the resistive nature of the melt. As such the melt must exhibit certain conductivity
and viscosity properties to be a good candidate. This puts more restrictions on the composition
of the melt to remain within this operating window. In general joule heated melters are lower
temperature systems operating below 1300°C, however some special systems have been
developed to go up to 1500°C with narrowly defined operating conditions and well defined melt
compositions. Obviously as temperatures increase the erosion and corrosion of electrode and
refractory materials increases which can severely limit the useful life of such systems.

Such systems are generally limited in their ability to handle high iron, high organic, or high
halide/sulfate content wastes. Also, such melters are not generally suited to handling large sized
feeds such as drums due to the lower operating temperatures and limited ability to rapidly
incorporate large bulk components into the melt. The advantages of such systems is the broad
range of experience which already exists, and the generally stable operating conditions which can
be expected.

In addition to the HLW development work, several other joule heated systems are and have been
under development. One LSFA system that has already been tested on radioactive wastes is the
Minimum Additive Waste Stabilization (MAWS) GTS Duratek melter demonstration that took
place at Fernald, Ohio on a mixture of sludges and soils containing uranium and thorium. This
demonstration processed several thousand gallons of waste to produce over 4500 kg of glass
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gems. This successful demonstration was then leveraged to a privatization bid to treat about
670,000 gallons of radioactive low level waste sludge at Savannah River's M-area which should
begin processing in early 1996, and to provide a higher temperature version for vitrification of
Fernald K-65 silo wastes which are high in radium bearing ores and radon gas. Also, this
technology is being commercialized in a joint venture between GTS Duratek and Chem Nuclear
for the treatment of radioactive ion exchange resins from commercial nuclear power plants. A
MWFA effort is developing a Transportable Vitrification System using an Envitco joule heated
melter which will be first tested on various wastes at Oak Ridge. Also, several joule heated
melter systems have been developed at Battelle PNNL for a variety of purposes, and with
emphasis on higher temperature operation innovations. This technology is relatively mature with
a number of capable vendors offering a range of system sizes and capabilities.

Induction Heating - This type of melter heating mode has been promoted most heavily by the
international community with major developments by the French and Russians. Only recently
are such melters being evaluated in the US through cooperative research efforts with the
Russians. Two systems are being considered. The first is a high frequency cold wall induction
melter design which has application to high metal content wastes and uses a cold crucible
approach to minimize corrosion/erosion of the containment vessel. Such systems can operate at
relatively high temperatures up to 1650°C. However, such systems are generally limited in size
to smaller waste volume applications due to an inability to adequately scale up the induction -
heated coupling in larger geometries. It is planned to test this unit at the Clemson Technical
Center on Hanford and INEL simulants.

The other development is the hybrid plasma induction cold crucible melter which combines a
plasma torch and induction heated melter in a single package for treatment of high metal content
wastes. This overcomes some of the throughput rate limitations associated with the simpler
induction version melter due to the use of the plasma torch capability as discussed previously.
Also, the unit has the ability to continuously cast the metal phase from the bottom of the melter.
Such units have a long test and operation history in Russia.

This approach is being investigated particularly for drummed Pu-238 and Pu-Mixed TRU wastes
at the Savannah River Site. It is expected that the system will be installed and tested at Georgia
Tech. At arate of 15 drums per day, one of these melters could potentially treat the 15,000
drums of existing TRU waste at Savannah River which represents roughly 60% of the complex
activity in about 5 years. In both instances the Russians are building these melter systems which
are planned for evaluation on specific waste streams both in Russia and here in the US.

In Situ - In situ vitrification is an off shoot of the graphite arc melters in which the electrodes
are inserted directly into the ground and a molten pool generated in a top down treatment of the
affected area. Generally treatment depths are limited to about 20 feet with such an approach,
however recent developments with plasma torch and shielded plasma arc systems in bore holes
would allow deeper and bottom up approaches to in situ treatment of wastes. Melt temperatures
are in the 1600 to 2000°C range sufficient to melt most soils. Limitations to the technology
application are highly refractory soils and high water tables. In situ vitrification technology is
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fairly mature and being commercialized by private interests. Its application to the treatment of
plutonium bearing wastes is fairly limited.

Microwave - A microwave melter system had been studied at Rocky Flats under the MWTFA.
Microwaves are good for calcination, stabilization, and vitrification processing. This system is
essentially an in can melter in that a small amount of dry feed is initially introduced into a drum
and the microwaves directed onto the top of the waste via wave guides. Typical melt
temperatures up to 1300°C are developed in the process. As the melt develops additional feed is
introduced into the drum and melted until the drum is nearly full. The microwaves do not
penetrate very far into the melt, therefore the melt zone moves up with additional feed. This
tends to lead to a rather heterogeneous final waste form, however tests have shown it to be
largely non-leachable. The advantages to this system is that in-drum melting eliminates the
corrosion/erosion problems associated with electrodes and refractories, and there is really no
optimum processing window of viscosity and conductivity. Also, the equipment is relatively low
maintenance with no moving parts and readily adaptable to small volume wastes. Such a system
has a limited application to mostly dry and finely divided feeds, and probably would not be very
applicable for TRU or Pu bearing wastes.

Combustion - A Vortec cyclone combustion melter is being considered for treatment of several
Low Level Waste (LLW) soils, concrete, and drilling mud wastes at the Paducah, KY gaseous
diffusion plant that are contaminated with chromium, trichloroethane (TCE), uranium, and
polychlorinated biphenyls (PCB). The melter can be fueled with various hydrocarbons including
pulverized coal, oil, and natural gas. The waste feed is optimally less than 1 mm if non-
combustible and up to 10 mm if combustible. The fuel and waste are simultaneously injected
and ignited into the cyclone combustion chamber where they rapidly melt in seconds at
temperatures up to 1650°C which also destroys the organic contaminants. The disadvantages of
such a system are that a relatively large off gas stream is generated due to the combustion of
hydrocarbons which needs appropriate off gas treatment, and also the feed must be relatively fine
to promote rapid melting in the short residence time combustion chamber cyclone. It would be
expected that erosion of the cyclone might be a problem over time. Again such a system would
probably not be appropriate for treatment of Pu bearing wastes.

A SYSTEMS APPROACH

In trying to select any one melter technology, it must be considered in the context of a complete
system which includes both required pretreatment and off gas or secondary waste generation.
Some systems such as the joule heated melters or microwave and combustion systems can only
process relatively small sized feed in either dry or slurry feed form. Such systems would require
some type of sorting or size reduction classification prior to feeding to the melter. Other systems
such as the various plasma units can process relatively large units of wastes such as drums.

Some systems such as joule heated melters or microwave may not be able to handle large
quantities of organics, therefore some sort of incineration or other destruction technology may be
required first for such wastes with only the residual ashes fed to the melter. There are a number
of non-thermal and incineration technologies being developed to deal with organic wastes prior
to feeding to melters.
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No melter technology is very acceptable for dealing with mercury or other high percentage
sulfate or halide containing wastes. One could try to remove these prior to introduction to the
melter or deal with them in the off gas system which is usually the approach taken. Off gas,
systems need to be an integral part of the various melter technologies. Two approaches are being
considered. The more conventional is the wet scrubber which would capture the various acid
gases and particulates in a basic solution as a neutral salt followed by various High Efficiency
Particulate (HEPA) filters to remove any residual particulates. Also some sort of NOX catalyst
system may be incorporated to convert it to nitrogen or some other form.

The other approach is a dry filter system followed by a wet system. Recently various ceramic
and sintered metal filter systems of HEPA quality have been proposed which can filter out a
large proportion of the radionuclide particulates prior to getting into the wet scrubber system
which then removes the acid gases. If these systems can be proven not to blind off over time
then it may help to insure that less radionuclides find their way into the other downstream
systems, and thereby alleviate the public concerns over potential release of these constituents.

COMPOSITIONAL AND WASTE FORM STUDIES

A number of composition studies have been on going to better define potential waste forms for
the various radioactive and hazardous constituents. The most obvious is glass waste forms
similar in effect to the high level waste program. The Minimum Additive Waste Stabilization
(MAWS) program in an effort to increase waste loading, however has been trying to broaden the
window of acceptable glasses. A number of non-borosilicate based glasses have been developed
which are as good or better than the standard high level waste glasses. These studies have
concentrated on real waste streams where obtainable from Hanford, Oak Ridge, and INEL.

Also, studies have focused on vitreous ceramic or glass crystalline composite waste forms where
the composition contains a high quantity of intermediates that promote crystallization upon
cooling from the vitreous melt. These glass crystalline composite waste forms have been
evaluated for containment of plutonium in a series of crucible melts. Through minor adjustments
of the composition, crystalline phases have been promoted to form similar in structure to Synroc
which has been developed by the Australians for containment of plutonium. These crystalline
phases form naturally upon slow cooling of the melt and do not require the high pressures
required to form Synroc. The crystalline phases appear to readily incorporate the radioactive and
hazardous constituents, thereby leaving the good glass forming materials behind in a leach
resistant glass phase.

Other compositional and testing studies have been carried out on the various slag waste forms
which are the product of the plasma processes which incorporate high amounts of ferrous
materials. Similarly in these studies, cerium surrogates have been observed to partition into the
slag in crystal phases rather than volatilize into the off gas at the very high temperatures
developed. This suggests that plasma or other high temperature processes could be used to
vitrify various plutonium wastes, however much more study really needs to be done in this area
as there are a large number of potentially influential variables which have not yet been well
studied such as compositional effects, halide concentrations, redox conditions] etc. The amount
of hard data on actual plutonium wastes is extremely limited.
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The Reactive Additive Stabilization Program (RASP) has also developed a series of glass
compositions with small particle size rapid melting additives designed for high throughput type
joule heated melters such as the Transportable Vitrification System (TVS). Enhanced processing
and leach resistance are claimed for these non-equilibrium glass waste forms.

Testing of waste forms for long term performance is very important to assure that the contained
radionuclides can not cause problems for future generations. The primary tests that are
performed on waste forms are the Toxicity Characteristics Leach Procedure (TCLP), the Product
Consistency Test (PCT) or variations thereof which are referenced to standards for HLW glasses,
and other accelerated tests such as the vapor hydration test. The TCLP is an Environmental
Protection Agency (EPA) mandated test, however none of the others have any relevance to
regulatory standards or other Waste Acceptance Criteria. In fact there is considerable debate as
to exactly what data is required since all are relatively short term in nature, and only through
models can one hope to predict performance over the geologic time frames required for long
lived radionuclides such as Pu-238. Therefore comparison to geologic analogues and modeling
is important, but has not received sufficient attention to develop any degree of confidence in their
abilities beyond about a 1000 years. Particularly with high alpha containing waste the integrity
of the waste form is in question.

CONCLUSIONS

1.  Environmental Management has a number of vitrification technologies in various stages of
development that are applicable for treating a variety of wastes including LLW, MLLW,
TRU, TRU Mixed, and HLW. Some of these technologies could potentially be used to
treat plutonium bearing wastes.

2.  Although a great deal of compositional studies have been performed to develop many
variations of glass, ceramic, and slag waste forms, there is still a paucity of data using
actual plutonium. Therefore, there are major questions yet to be answered as to the factors
affecting partitioning of the plutonium between glass, crystal, metal and off gas in actual
melter systems.

3. Melter off gas treatment is an area that needs further development due to the apparent
similarity to incineration technologies which have a poor reputation in the public view.
Many waste constituents such as mercury, sulfates, halides, cesium, other metals may
volatilize and dioxans can form as the off gases cool. The factors controlling these
processes need to be better understood particularly for heterogeneous or poorly
characterized wastes.

4. Maintenance of melter systems which includes replacement of refractories, electrodes,
torches, and other components is a major consideration for remotely handled wastes,
therefore systems are sought and being developed which are robust yet flexible in meeting
waste challenges.
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5.  Inthe years ahead it is likely that there will be a down selection of these technologies for
continued development. The joule heated melters and in situ vitrification technologies are
viewed as commercially mature technologies which need little further development.

6. Additional waste form testing and modeling studies are needed to better determine the fate
of the various waste forms over geologic time frames.

DISCLAIMER

The views expressed in this paper are those of the authors and do not necessarily reflect any
biases, proposed actions, or decisions of the United States Government or any agency thereof.
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Conversion Of Plutonium Scrap And Residue To Borosilicate Glass Using The
GMODS Process

Charles W. Forsberg, Edward C. Beahm, George W. Parker,
Jeff C. Rudolph, Karla R. Elam, and Juan J. Ferrada
Oak Ridge Naticnal Laboratory *
P.O.Box 2008
Oak Ridge, Tennessee 37831-6495

ABSTRACT

Plutonium scrap and residue represent major national and international concerns because

(1) significant environmental, safety, and health (ES&H) problems have been identified with their
storage; (2) all plutonium recovered from the black market in Europe has been from this category; (3)
storage costs are high; and (4) safeguards are difficult.

It is proposed to address these problems by conversion of plutonium scrap and residue to a CRACHIP
(CRiticality, Aerosol, and CHemically Inert Plutonium) glass using the Glass Material Oxidation and
Dissolution System (GMODS). CRACHIP refers to a set of requirements for plutonium storage forms
that minimize ES&H concerns. The concept is several decades old. Conversion of plutonium from
complex chemical mixtures and variable geometries into a certified, qualified, homogeneous CRACHIP
glass creates a stable chemical form that minimizes ES&H risks, simplifies safeguards and security,

provides an easy-to-store form, decreases storage costs, and allows for future disposition options.

GMODS is a new process to directly convert metals, ceramics, and amorphous solids to glass; oxidize
organics with the residue converted to glass; and convert chlorides to borosilicate glass and a secondary
sodium chloride stream. Laboratory work has demonstrated the conversion of cerium (a plutonium
surrogate), uranium (a plutonium surrogate), Zircaloy, stainless steel, and other materials to glass.
GMODS is an enabling technology that creates new options. Conventional glassmaking processes
require conversion of feeds to oxide-like forms before final conversion to glass. Such chemical
conversion and separation processes are often complex and expensive.

INTRODUCTION

In the United States, significant ES&H concerns' have been identified with the storage of plutonium
scrap and residue. A similar situation is thought to exist in Russia. All of the plutonium recovered from
the black market in Europe has been from this category. Storage costs are high and safeguards are
difficult. These difficulties are a direct result of the characteristics of these materials. Plutonium scrap
and residue normally consist of only a few weight percent plutonium, but the total volume and mass
exceed that of clean plutonium. The materials have highly variable chemical and nuclear characteristics.
Some of the chemical forms are hazardous and corrode their containers.’

It is proposed to address these problems by conversion of plutonium scrap and residue to a CRACHIP
(CRiticality, Aerosol, and CHemically Inert Plutonium) glass using the Glass Material Oxidation and
Dissolution System (GMODS). CRACHIP refers to a set of requirements? for plutonium storage forms
that minimize ES&H storage and transport risks. Conversion of plutonium from complex chemical
mixtures and variable geometries into a certified, qualified, homogeneous CRACHIP glass with fixed

*Managed by Lockheed Martin Energy Systems, Inc., under contract DE-AC05-840R21400 for the U.S. Department of Energy
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dimensions in standard containers (1) creates a stable chemical form that minimizes ES&H risks, (2)
simplifies safeguards and security (number count safeguards), (3) provides an easy-to-store form, (4)
decreases storage costs, and (5) allows for future disposition options.>

GMODS is a new process*® for directly converting scrap and residue into glass. Earlier glassmaking
processes required that plutonium feed material first be a relatively pure oxide-like material before being
converted to glass. This requirement implied a complex processing step to yield an oxide form
acceptable for conventional glass melters. The technical and economic difficulties in conversion of
plutonium scrap and residue to CRACHIP glass have been major bartiers for this treatment option. The
objective of GMODS development is to provide a low cost, technically feasible process to make
CRACHIP glass.

A NEW APPROACH TO PLUTONIUM STORAGE AND DISPOSITION

Before any option to treat plutonium scrap and residue can be undertaken, the requirements for the
anticipated product must bé defined. A CRACHIP glass must (1) be mechanically stable and must not
form aerosols under storage or accident conditions, (2) be chemically inert, and (3) contain sufficient
neutron poisons to prevent nuclear criticality with any quantity of material and/or any geometry. This
addresses the near-term ES&H issues. This glass must also allow muitiple disposition options: long-
term storage, recovery of plutonium (with some difficulty), and disposal of plutonium as a waste. 'In the
intermediate term, a CRACHIP form minimizes storage costs and ES&H storage risks, and simplifies
safeguards.

The requirements and criteria for CRACHIP glass are similar to those required for high-level-waste
(HLW) glasses. Radioactive wastes become less hazardous with time; hence, the fundamental concept
in waste management is to isolate (store) these wastes until they are nonhazardous. Glass has been
chosen worldwide as the preferred HLW storage and transport form because of several of its properties:
(1) acceptance of impure feeds, (2) low solubility in water, (3) chemical inertness, (4) acceptable
mechanical integrity, (5) ability to handle high heat loads from decay heat, and (6) avoidance of nuclear
criticality by use of neutron poisons. The similar requirements of waste management and plutonium
scrap and residue management provide the basis for defining performance requirements for CRACHIP
glass: storage with performance equivalent to that of HLW glass.

Several groups are developing optimum compositions®’ for high-plutonium-loaded glass. For
plutonium scrap and residue, traditional HLW glass compositions may also be modified for the
plutonium and other components in the feed. In this case, plutoniura is a minor component in the glass.
Glass compositions must be optimized to accept both the plutonium and the other components in the
feed.

Regardless of the long-term disposition of plutonium scrap and residue, storage is the only viable near-
term option. This implies that the near-term incentive for conversion of plutonium scrap and residue to
any storage form is to minimize storage costs. CRACHIP glass reduces the storage requirements and,
in turn storage costs for plutonium scrap and residue by the following mechanisms:

Nuclear Criticality. Plutonium is currently stored in vaults in small containers (traditionally <5 kg
of plutonium per container) that are widely spaced to avoid nuclear criticality. CRACHIP glass with
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neutron poisons eliminates criticality control as a vault requirement and thus reduces the vault size.
In large vaults, most bf the space is empty for geometric criticality control and can be eliminated if
the material is stored as CRACHIP glass.

»  Volume Reduction. Conversion of heterogeneous materials to a high-density, monolithic glass
further minimizes storage costs.

» Safeguards. Conversion of highly heterogeneous materials to homogeneous glass in a standardized
package allows for (1) more precise and reliable safeguards, (2) automated systems, and (3)
number-count safeguards. This minimizes the costs of safeguards.

THE PROCESS: GMODS

Conversion Of Metals, Ceramics, Amorphous Solids, And Organics To Glass

GMODS converts plutonium and the other elements within the scrap and residue directly to borosilicate
glass. GMODS is a batch process (Fig. 1) during which sequential process steps convert feeds to glass.
The initial condition for the process is a melter filled with a molten oxidation—dissolution (lead borate)
glass, which has a composition of 2 or more moles of lead oxide (PbO) per mole of boron oxide (B,0,).
The PbO is a component of the glass and a sacrificial oxide. The process consists of the following
steps:

* Addition of feed material to the molten dissolution glass (Fig. 1.b). The ceramic (plutonium
oxide (Pu0,), etc.) and amorphous components in the feed dissolve into the glass. While metals
and organics do not dissolve into conventional molten glasses, the GMODS dissolution glass has
special properties to process these materials in situ. The inclusion of the sacrificial
oxide—PbO—in the molten glass provides a method to oxidize in sifu (a) metals to metal oxides
and (b) organics to carbon dioxide (CO,) gas and steam. When plutonium or another metal is
fed to the melter, it is converted to a metal oxide. These metal oxides dissolve into the glass;
carbon oxides (in gaseous form) and steam exit the melter. The reaction product, molten lead,
separates from the glass and sinks to the bottom of the melter to form a separate layer,

Py + 2PbO - PuO, + 2Pb |

C + 2P0 -~ CO, 1 +2Pb |

* Addition of glass additives [silicon oxide (Si0,) etc.] to improve the product quality (Fig. 1.c).
The optimum compositions of glasses for rapid oxidation-dissolution of materials in molten glass
are different in composition from those for long-term durability; thus, additives that create a
more durable glass are introduced after feed oxidation-dissolution takes place.
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Fig. 1. GMODS batch processing of plutonium-containing material to borosilicate glass.

« Addition of carbon to remove excess PbO (Fig. 1.c). Carbon reduces the PbO to lead metal
while producing gaseous CO,. Excess PbO is removed from the dissolution glass for multiple
reasons: (1) more durable glass, (2) reduction of the volume of glass, and (3) avoidance of the
costs to provide added sacrificial PbO. The final glass may contain some or no lead, depending
on the final desired glass composition. '

« Pouring glass from the furnace followed by solidification (Fig. 1.d).

«  Addition of B,O, and PbO, as needed, to the melter for processing the next batch of materials
(Fig. 1.e).

«  Reoxidation of the lead at the bottom of the melter to PbO by addition of oxygen (Fig. 1.f).
This oxidation creates the new dissolution glass for the next batch of feed to be processed. Lead
is an oxygen carrier that does not leave the system. The oxidation reaction is

2Pb + O, ~ 2PbO
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Fig. 2. GMODS processing of Fig. 3. Small commercial, cold-wall induction-
chloride-containing feed materials. heated melter (Courtesy of Consarc)

Conversion Of Chlorides to Low-Chloride Borosilicate Glass And A Secondary

Sodium Chloride Stream
GMODS is designed to convert chloride-containing plutonium residues to glass and create a separate

nonradioactive sodium chloride (NaCl) waste stream. Halogens, such as chloride, make poor-quality
storage forms; hence, they must be separated from other components in plutonium residues. The
analogy used in waste management is that good storage forms (silica, titanates, etc.) for radioactive
materials can be found at any ocean beach. Materials that dissolve in seawater (chlorides, etc.) make

poor storage forms.

The separation process for chlorides is shown in Fig. 2. In the dissolution glass, chlorides in the feed
form lead chloride (PbCl,), which is volatile at glass melter temperatures and exits to the aqueous
sodium hydroxide (NaOH) scrubber. In the scrubber, the PbCl, reacts with the NaOH to yield insoluble
lead hydroxide [Pb(OH),] and soluble NaCl salt. The insoluble Pb(OH)), is recycled back to the melter
where it decomposes to PbO and steam, while the aqueous salt stream (NaCl) is cleaned and discharged

as a chemical waste.
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Conversion Of Heterogeneous, Poorly Characterized Feed Materials To High-Quality
Homogeneous Glass

A ce&ed, qualified, high-quality, homogeneous glass product is required. Thus, an approach similar to
that used to produce speciality metals and glass is used, where scrap and residue are fed to the melter
and a homogeneous molten glass solution is produced. With a homogeneous glass solution,
composition can be determined by limited sampling using mass spectrometric analysis. From the
chemical analysis, the required compositions of additives can be determined to produce an appropriate
product glass. This strategy, which depends on the ability to create a homogeneous glass from poorly
characterized feed materials, is achieved by two mechanisms: '

* GMODS can accept wide variations in the chemical composition of the feed and convert the
materials to a homogeneous glass. This capability is a prerequisite because it avoids the need for
detailed sampling of feed materials to ensure processability.

» The GMODS melter uses process tomography instrumentation®® to determine in real-time when
a homogeneous glass solution has been created. Homogeneous solutions imply homogeneous
radiation fields that instrumentation can detect. With variable feeds, dissolution times will vary
widely. Instrumentation ensures homogeneous feeds without requiring that tests be conducted
on every feed to determine required dissolution times.

EQUIPMENT

The primary GMODS equipment is an induction-heated, cold-wall melter (Fig. 3 shows a small
commercial type), which is required because of the corrosive characteristics of the initial dissolution
glass. Cold-wall melters have cooling jackets in the wall to produce a “skull” of solidified material that
protects the wall from the melter contents. They are used to melt high-temperature materials (e.g.,
titanium and superalloys) and to produce ultrapure materials (e.g., glass for fiber optics). Russia,
France, and the United States are modifying such equipment for processing various radioactive wastes.
Batch size may be as large as several hundred kilograms for plutonium scrap and residue with low
plutonium concentrations. In Europe, cold-wall melters are currently being developed for throughputs
of up to 800 kg/h - far in excess of the size required for this mission.

STATUS OF DEVELOPMENT

Investigations of Process Steps

Some steps of the GMODS process are new, while others are parts of standard industrial processes.
Experiments were performed to understand and prove the unique features of GMODS. Literature
searches have been conducted to understand those parts of the process that are used in other industrial
processes. Each step has also been accomplished in our laboratory.

Laboratory experiments were conducted in platinum and high-fired aluminum oxide crucibles within
vertical tube furnaces. Platinum was used for experiments that did not involve lead (lead dissolves into
platinum at high temperatures). Various ceramic crucible materials were investigated for use in
oxigtion process experiments. While the dissolution glass dissolves oxides, the rate of dissolution with
Cobts™ high-fired aluminum oxide crucible is sufficiently low for short-time experiments.
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A typical experiment involved several hundred grams of material, with uranium and cerium being used
as plutonium surrogates. Plutonium tests have been proposed. The plutonium content of scrap and
residue is, at most, a few weight percent; hence, in terms of chemical processing, plutonium is a minor
component.

Addition of feed material to the molten dissolution glass (Fig. 1.5). The addition of feed materials
involves oxidation, dissolution, and mixing of feeds with the molten dissolution glass. Each of these
steps has been investigated.

Tests demonstrated the dissolution of UO,, ZrO,, Al,O,, Ce,0;, MgO, and other oxides. The glasses
were examined by a variety of methods to ensure complete dissolution. As expected, the high-boron
oxide glass melt had good dissolution capabilities for oxides. In analytical chemistry, B,0, is the
standard chemical reagent for fusion dissolution of unknown oxides because of its capability to dissolve
such materials. Boron oxide is also the key component in many welding fluxes, which are used to
dissolve iron oxides into a glassy slag during the welding process so that they are not incorporated into
the weld.

Oxidation-dissolution tests demonstrated the oxidation of the following metals and alloys followed by
the dissolution of their oxides into the melt: U, Ce, Zircaloy-2, Al, stainless steel, and other metals.
Figure 4 shows ‘cerium glass and lead by-product from a test of oxidation of cerium metal (plutonium
surrogate).

Oxidation-dissolution tests also demonstrated the oxidation of carbon and graphite, with production of
CO,. For centuries, lead oxide has been used to oxidize organics'. It is the basis for the fire assay
method for recovering noble metals (primarily gold) from silicate rock. Lead oxide, various organics,
and silicate rocks are mixed together and heated. As the mixture melts, the lead oxide is reduced to
metal by the organic. The noble metals in the molten mass then dissolve into the lead, which forms a
separate layer that sinks to the bottom. This layer is then processed to separate the noble metal from
the lead.

Limited chloride dissolution tests with NaCl demonstrated that lead exits the dissolution glass as PbCl,
thus providing a separation of the chloride from other materials. This is a major mechanism for lead to
escape from processes where lead and chlorides coexist at high temperatures.!! The basic chemistry is
well understood.

Experimental measurements were made of the viscosity of the dissolution glass with various added
materials. Experience in the glass industry indicates that molten glass viscosities should be below 100
centipoise (about the viscosity of olive oil) for good mixing and creation of homogeneous glasses.
Based on our experimental data, the GMODS dissolution glass temperature will need to be between 800
and 1000°C. The final processing temperature after addition of the silica will be above 1000° C because
this addition increases glass viscosity.

Addition of glass additives [silicon oxide (Si0,) etc.] to improve the product quality (Fig. 1.c). This
process step is essentially identical to that used for producing many specialty glasses.'
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Cerium Loaded Glass

Fig. 4. Cerium glass and lead metal
% from completed oxidation-dissolution
test with cerium metal.

Fig. 5. ORNL single-turn,
cold-wall, induction-heated
glass melter.
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Addition of carbon to remove excess PbO (Fig. 1.c). This process step is used in several lead-smelting
processes, such as the QSL process, to recover lead metal from lead oxide in molten slag.' This step
has also been demonstrated with HLW glass in hot cells for recovery of fission product noble metals at
Pacific Northwest Laboratory,'* using a modification of the fire-assay method described above.
Because some proposed plutonium glasses are variants of HLW glasses, this experience is particularly
relevant.

Pouring glass from the furnace followed by solidification (Fig. 1.d). This is a standard operation used
by the glass industry.

Addition of B,0; and PbO, as needed, to the melter for processing the next batch of materials (Fig.
l.e). This is a standard operation used by the glass industry for producing lead borosilicate glass (fine
crystal).

Reoxidation of the lead at the bottom of the melter to PbO by addition of oxygen (Fig. 1.f).
This is one of several processes used for producing lead oxide for batteries and other uses."

Flowsheet Analysis

An analysis of GMODS was performed using the process simulator FLOW.'® The simulator includes a
set of rules to choose glass compositions that meet process (viscosity, etc.) and performance
requirements, using Savannah River HLW glass as a basis. The analysis identified critical process
parameters when processing plutonium scrap and residue to a borosilicate glass, which is designed to be
equivalent in performance to HLW glass. The two key observations were as follows:

» Incentives exist to maximize the GMODS operating temperature. For example, processing 1 kg
of plutonium-containing chloride salt residues at 1103° C yields 6.5 kg of glass under standard
conditions. Allowing the processing temperature to increase to 1167°C reduces the final glass
quantities to about 3 kg. In this case, the waste loading in the glass is limited by the need to
minimize molten glass viscosity during process operations to ensure good glass mixing.
Increasing the processing temperature decreases the glass viscosity, minimizes the need to add
sodium oxide to lower glass viscosity by changing the chemical composition, and allows a higher
waste loading in the product glass. With the use of cold-wall, induction-heated melters that are
not temperature-limited, the limitation on the maximum process temperature is volatilization of
selected glass components.

« Incentives also exist to blend different feeds to minimize glass volumes. For example, blending
plutonium salt and ash residue streams and converting them to glass reduces the final volume of
glass by about 50% as compared with separate conversion of the two materials to glass. Final
glass volumes are minimized because the ash stream provides necessary silica and aluminum to
the final product glass, while the chloride stream provides necessary sodium to the final product
glass.

The flowsheet simulator also afforded a bounding estimate of glass quantities if scrap and redidue at
Rocky Flats were converted to glass by GMODS. For "lean" scrap, 232 m® of glass would be produced
with an average plutonium content of 0.06%. For "rich" scrap, 34 m’ of glass would be produced with
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an average plutonium content of 2.4%. The actual quantities of glass may be significantly less when
higher process temperatures are used.

The quantities of glass produced from processing plutonium scrap and residue are not determined by the
plutonium (due to its low concentration) but, rather, by other components in the scrap or residue. The
set of constraints includes: glass processing temperatures, solubility limits of specific elements in the
product glass, and glass durability under repository conditions. If the goal is to minimize glass volumes
in order to minimize storage or disposal volumes, selected pre-processing of some residues can be
undertaken to minimize specific elements that most impact glass volumes. This choice involves a series
of trade-offs between multiple processes. (Note that organics and chlorides in feeds have little impact on
final glass volumes because GMODS is a separations, as well as a glassmaking process.)

Equipment

In making a survey of cold-wall, induction-heated melters, the range of operating conditions was found
to substantially exceed the potential range of GMODS operations. Industrial melters are designed to
operate at up to 2500° C; some of them operate with molten metal and slag. Recently, a small
experimental melter has been built in our laboratory (Fig. 5) to provide a better understanding of this
technology. Tests of this melter are under way.

Development Perspective

The analytical testing and laboratory development work have demonstrated each step required for
GMODS and identified equipment, instrumentation, and other components required for GMODS. A
significant effort, however, will be required to convert GMODS into an industrial technology. This
effort will include a better understanding of the process, integration of process steps into a system, and
development of equipment.

SUMMARY : :

GMODS is a new process for the direct conversion of plutonium scrap and residue to CRACHIP glass.
It is designed to (1) convert metals, ceramics, and amorphous solids to glass; (2) oxidize organics with
conversion of residues to glass; and (3) convert chlorides into a chloride-free borosilicate glass and a
secondary clean NaCl stream. GMODS is an enabling technology, since it creates new plutonium scrap
and residue management options. Because these options address common national security, non
proliferation, and ES&H concerns, they may be acceptable to both the United States and Russia. Asa
new technology, however, GMODS has significant technical uncertainties that must be resolved in
additional studies.

DISCLATIMER
The views expressed in this paper are those of the authors and do not necessarily reflect any biases,
proposed actions, or decisions of the United States Government or any agency thereof.
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INTRODUCTION
Currently plutonium is viewed as an element suitable for further utilization:

e plutonium 239 - as fissile material; )
e mixtures of plutonium isotopes - as material for the manufacture of mixed uranium-
plutonium fuels.

However, the amount of accumulated plutonium significantly surpasses current demand for the
material. Tens of tons of plutonium are already in storage facilities. The utilization of such vast
amounts of plutonium, when you take into account the fact that new shipments continue to arrive
from power plants, and as a result of the dismantling of nuclear weapons, makes it necessary to
develop simple and reliable methods for its storage and for the burial of waste containing
plutonium (1, 2).

Plutonium is primarily stored in the form of plutonium dioxide, but for the purposes of the burial
of plutonium, the following options are being considered:

e immobilization of plutonium in inorganic matrices (glass, ceramic) with the purpose of
eventual burial in geological formations;

e launch into space in a compact form;
transmutation.

All of these options have advantages and disadvantages.
This report presents the results of investigations of plutonium immobilization from solutions on
inorganic matrices with the purpose of producing a solid waste form. The solidified material is

convenient both for temporary storage and for long-term storage and/or final burial of the
plutonium.
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In our search for an answer we used high-temperature sorption, which entails the adsorption of
radionuclides from solutions on porous, inorganic matrices, for example silica gel. The solution
is brought to a boil (100 - 1300C) with additional thermal processing (calcination) of the
saturated granules (3). The process was developed jointly by the All Russian Institute of
Chemical Technology and the Mayak Production Facility, initially for the processing of high
level radioactive waste (3). However, the results achieved recently indicate that this method
could be used for the immobilization of plutonium on inorganic matrices (4).

EXPERIMENTS

Methodology and Results
Plutonium distribution during the high temperature sorption process was studied at the laboratory
facility equipped with a heated reactor, cooler and a hotwell.

The silica gel was saturated with plutonium - up to 200 or 300 mg of plutonium per g of sorbent
(with the exception of those experiments that were performed to determine maximum saturation
levels). In most of the experiments that were conducted after the silica gel was saturated, the
material was subjected to “steaming,” which was as follows: at that moment when the solution
had completely evaporated, but while the sorbent was still moist, 3 - 5 ml of hot nitric acid with a
concentration of 3 mole/l was added to the vessel and then the silica gel was dried until
granulation occurred. The drying and calcination procedures were carried out at temperatures of
220 - 900°C. Calcination time at this temperature was one hour. A standard KSKG silica gel
with a 0.5 - 4.0 mm granule size was used in the experiments.

Nitric acid solutions of plutonium with different isotopic composition (IV) were used in the
investigations. Plutonium concentrations were 0.1 - 0.2 mole/] and the nitric acid concentration
was 3 mole/l. In order to simulate the solutions used in the Purex process, sulfuric and acetic
acid, carbamide, hydroxylamine and DTPA were added. The desorbed materials, washoff from
the laboratory equipment and the condensate were all analyzed.

Experiments on the saturation of silica gel allowed us to determine the maximum plutonium
saturation levels of silica gel as - 800 mg Pu per 1 g SiO,.

Investigations of plutonium distribution during the high temperature sorption process were
carried out, beginning with the determination of the removal of plutonium into the vapor-gas
phase and the determination of the purification coefficient at the saturation point of the silica gel
granules. As shown in Table 1, the removal of plutonium at different saturations was no greater
than 0.1% of the initial amount of plutonium at the start of the evaporation stage. The rest of the
plutonium was distributed between the silica gel granules and the walls of the reactor vessel.
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Table 1. Plutonium distribution during the silica gel saturation process.

INITIAL SOLUTION | SATURATION | DISTRIBUTION,
ELEMENT | CONCENTRATE, g/l | OF SiO,, mg/g %
REMOVAL REMAINED
WITH ON VESSEL | ADSORBED
CONDENSATE WALLS ON SiO,
Pu 24.0 200 0.005 7.6* 92.4
24.0 200 0.05 2.1 971.9
40.0 800 0.005 2.5 97.5

* the experiment was conducted without steaming

Moreover, the completeness of the sorption of plutonium even when saturation was near the
maximum reaches 92 - 96% and depends to a significant degree on the conditions under which
the test was carried out: the intensity of the evaporation process and the relationship between the
amount of sorbent and the shape of the reactor vessel. In order to decrease the non-inclusion of
the residue an additional step, that of ‘steaming, was added. This allowed us to increase the
completeness of the sorption process to 99%. The removal of plutonium into the vapor-gas
phase depends to a great degree on the evaporation conditions and when the boiling intensity is
moderate, the removal of plutonium can be lowered to 0.005% without any additional measures,
while the maximum purification coefficient becomes greater than 2 x 10* (Table 2).

Table 2. Removal of plutonium into the vapor-gas phase.

EVAPORATION
ACTIVITY OF SATURATION | PURIFICATION CONDITIONS
ELEMENT SOLUTION, Byl OF Si0,, mg/g | COEFFICIENT | (boiling intensity)
INITIAL CONDENSATE '
Pu* 3.0%10" 1.6*10° 300 1900 moderate
Pu 1.3*10" 1.6*10° 200 20000 very moderate
Pu 2.0%10" 9.7¢10° 800 20500 very moderate

* plutonium of a different isotopic composition was used for these tests

Calcination of the samples that were to be used in the preparation of the solidified material with
}030581b111ty of plutonium extraction at a later date, was carried out at a temperature 0f220 -
650°C and for those samples that were designated for burial at 800 - 900°C. The addition of
complexing agents and reducers to the solution simulated the re-extracts of plutonium, which are
produced when the Purex process is used.

The strength of the adsorption of plutonium onto the granules of silica gel was determined by the
amount of plutonium in the desorbing solution. Desorption of plutonium was conducted under
stationary conditions in four operations with nitric acid at a temperature of 25 %C. Nitric acid
concentration was 3 tle/l. The first batch of desorbing solution was poured off after an hour
and a new batch of acid was added. The duration of the second and third desorption processes
was 24 hours and the fourth - 72 hours. In tests conducted to determine the effect of temperature
and acidity, the desorption time was 20 minutes long in the first three instances and 180 minutes
in the fourth. There was a periodic mixing of the solution.
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The results of low-temperature tests (Table 3) call attention to the low levels of plutonium in the
desorption solutions (43.9%) for samples saturated with nitric acid solutions and calcinated at a
temperature of 220°C. The results of tests conducted with the admixture of sulfate during the
saturation operation were completely different. The results of these tests showed that more than
80% of the plutonium was desorbed during the first of the desorption operations. Raising the
temperatures of calcination for samples saturated with nitric-sulfuric acid solutions up to 650°C,
to the point at which the sulfate complex degrades, increases the residues on the silica gel to
78.7%. Experiments with the other admixtures showed good plutonium desorption results for
systems with carbamide and somewhat worse results for systems with DTPA.

!

The effect of temperature and acid concentration on plutonium extraction was determined by
plutonium desorption from silica gel with a nitric-sulfuric acid saturation of 100 mg/g (Test 2 in
Table 3) and calcinated at 220°C. Plutonium extraction during one desorption operation carried
out under different conditions shows result variations of 5 to 20%. However, during four
operations this difference was never greater than 2% and the residue on the silica gel constitutes
from 0.2 to 0.3% during desorption with nitric acid concentrations of 3 - 8 mole/l at 60 - 100°C.

The possibility of recycling plutonium desorbed from silica gel for reuse in the technological
cycle was investigated in tests of plutonium extraction with a 30% solution of TBF with a
hydrocarbon diluent. Plutonium extraction from all the desorbed materials, with different
temperatures and different acid concentrations, was performed, and the distribution coefficients
were typical for standard systems. The rate of the aqueous-organic phase separation wasiin the
range of 0.5 - 2.5 mm/sec. No interphase formations and phenomena, indicating deterioration of
the extraction process and possible effect of silicon, were found.

The possibility of limitless storage was assessed on the basis of the chemical stability of the
solidified materials. Stability was assessed on the basis of the plutonium leaching rate.

Leaching tests were conducted under stationary conditions in nitric acid concentrations of 10™
mole/l at 25°C. The volume of the solution during the leaching tests was equal to the volume
of the initial solution used for saturating the sorbent. The leaching data is presented in Table 4.
With the increase in the calcination temperatures of the silica gel saturated with plutonium from
800° to 900°C, the removal of plutonium into solution during leaching decreases 3 - 5 times and
is equal to 1 - 2 mg of plutonium per gram of saturated silica gel. No significant differences were
noted between the leaching rates from silica gel saturated with systems with admixtures of
complex-forming agents and systems without such agents.
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Table 4. The correlation between the calcination temperature of the silica gel and the plutonium
leaching rate.

WASH-OUT
WITH SiO, LEACHING
ELEMENT SATURATION CALCINATION AFTER (ng/g)
mglg TEMP, °C CALCINATION .
mglg TIME IN WEEKS
1 4 16
1* 300 800 0.05 0.050 | 0.014 | 0.005
Pu 2* 300 900 0.02 0.025 | 0.004 -
3¥* 200 900 0.19 0.011 | 0.004 | 0.001
4 700 900 0.09 0.007 | 0.002 { 0.004
*saturated with nitric-sulfuric acid
x*without steaming

Discussion of the results
Investigations of plutonium behavior during high temperature sorption processes were carried out with
the following goals: ’

e optimization of the plutonium adsorption mode of silica gel;
e preparation of solid forms for temporary storage of plutonium with its possible future extraction and
re-utilization in the fuel cycle or for its eventual burial.

Silica gel stability to radiation is quite good. Therefore limitations on plutonium saturation could only
be based on nuclear safety considerations, or on the possibility of large heat releases during storage of
the saturated granules with an increased specific concentration of short-lived isotopes, for example, the
plutonium 238 isotopes.

With average silica gel plutonium saturations (100 - 300 mg/g), the composition of the initial solution
does not affect the adsorption and distribution of plutonium. As shown in Tables 1 and 2, plutonium
distribution correlates closely with the conditions under which the process is carried out. The removal
of plutonium into the vapor-gas phase is strictly mechanical in nature and can be reduced by lowering
the boiling intensity or by the proper correlation between the volume of sorbent and the volume of the
solution so that the level of the liquid always remains below the upper layer of the silica gel. One of
the main goals is the achievement of purification coefficients that would allow the transfer of the
condensate into a low level waste category. The solution to this problems lies with the choice of
equipment that will be used in this process.

The introduction of an additional step in this process, i.e., “steaming,” made it possible to decrease the
residue on the reactor vessel walls to 1 - 2%, although this is not such an important aspect in an
industrial scale application, since in that case the subsequent batches will dissolve the residues from the
previous batch. We feel that a more valuable aspect of “steaming” is that it forces the adsorbed element
into a deeper layer of the silica gel granules leading to relative depletion of the surface layer which
consequently reduces the leaching rate after calcination (tests 7 and 8 in Table 4).

194



Solidification of plutonium for storage with possible later extraction
The extraction of plutonium from inorganic matrices is made possible by the low calcination
temperatures to which the saturated silica gel is subjected and is accomplished by desorption with acid.

Proposed compounds of plutonium for storage after adsorption on silica gel must meet two
requirements: have high stability to radiation and provide for relatively simple extraction of plutonium
into solution. Plutonium oxides have such properties and they were at the center of the studies we
conducted. It is known that plutonium dioxide produced with calcination at 275°C retains its reactivity
and dissolves in mineral acids (5). If plutonium nitrate is calcinated at a temperature greater than 150°C,
unstable plutonyl nitrate is formed, which completely degrades into plutonium dioxide when it is heated
to 220 250°C (6). The silica gel releases the adsorbed water when heated to a temperature of 120 -
200 °C and the process of plutonium desorption is easily initiated after the temperature reaches 400 -
425°C (7). Our results show that less than 50% of the plutonium dioxide that is adsorbed onto the silica
gel as a result of calcination at 220 °C after saturation with various solutions (tests 1, 5, and 6 in Table 3)
is dissolved.

Plutonium yield does not increase as a result of desorption by boiling nitric acid with concentrations of 3
mole/l. Plutonium yield approaches 95% only after the addition of 0.025 mole/l of fluoride. However,
the use of fluoride is to be avoided because it not only dissolves the plutonium, but the silica gel as well.
Based on the observed plutonium behavior we can draw the conclusion that it replaces the silicon in the
lattice, is adsorbed like plutonium (IV) and is incorporated into the structure of the silica gel. That is
why solutions that form plutonium dioxide during the saturation process are of little value as
solidification methods for the preparation of materials for storage and possible eventual conversion back
to usable form. We investigated the following solutions: nitric acid, nitric-acetic acid, and nitric acid
with admixtures of hydroxylamine.

We studied other compounds of plutonium and found that plutonium sulfates have the most desirable
properties for our purposes, Plutonium is adsorbed from nitric-sulfuric acid solution as a sulfate, which
has good solubility and extraordinary stability to radiolysis. According to the available scientific data
(6), samples stored in standard glass vessels with relative humidity up to 75% showed little evidence of
changes in plutonium content and water adsorption after being stored for 28 months or evidence of
radiolysis of the crystallized water. The loss of water from plutonium sulfate tetrahydrate ceases at a
temperature of 270 - 280°C, and degradation into dioxides begins at approximately 500° and ends at
approximately 700°C (5). The results of the tests (test 2 - 4 in Table 3) correspond quite well with this
data. The removal of 99.9% of plutonium during desorption allows us to draw the conclusion that this
form of plutonium is suitable for storage with possible eventual extraction.

We investigated the desorption process itself by studying the effect of variations in temperature and
solution concentrations. The results of our tests indicate that the optimum conditions for desorption are
similar to the optimum conditions for adsorption: boiling point temperatures for the solutions and high
acidity. The desorption process itself confirmed the hypothesis of the uniform saturation of the silica gel
- the decoloration of the granules of the sorbent proceeds uniformly. -
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Tests with DTPA and carbamide were also positive. The removal of carbamide during desorption was
99%. However, it is premature to consider storage of plutonium in this form until we'have data on the
radiolysis of the compounds.

The preparation of solid forms for the burial of plutonium

The strong adsorption of plutonium onto silica gel after calcination with high temperatures is the result
of the formation of non-soluble forms of the element and the closing of the pores of the silica gel during
fusion. Plutonium dioxide is such a compound with low reactivity capabilities after calcination at 800 -
1000°C (2, 5). For silica gel the complete removal of internal water and hydroxyls is achieved at
1000°C and its melting temperature (1000 - 1450°C) is determined by the adsorbed cations and their
number (7).

The optimum temperature for calcinating silica gel with plutonium is 900°C. Flushing operations reduce
the already insignificant levels of silica gel dust generation (low in comparison with the dust generating
levels for plutonium dioxide in powder form). To provide for an even more reliable immobilization of
long-lived radionuclides, it is possible to enclose the saturated silica gel granules in phosphate or
borosilicate glass by applying melting or hot pressing technologies.

The technology for the immobilization of plutonium on solid matrices that is being developed can be
applied to liquid wastes containing plutonium regardless of composition. Along with plutonium, other
fission products will be adsorbed onto the silica gel, as well as admixtures of stable metals and other
transuranic elements.

The solid waste forms for plutonium storage are characterized by low dust generation rates on the one
hand and a good flowability coefficient on the other. Also, transformation of the material from a form
suitable for interim storage into one that is suitable for final burial can be done easily by calcination at a
high temperature.

At the present time, we do not have data from long-term storage experience with silica gel granules,
saturated with plutonium. However, the results from experiments indicate that high temperature
adsorption can be successfully applied to the immobilization of plutonium on inorganic matrices for its
storage for several years (with possible later extraction) as well as for purposes of transfer of the
materials to other sites.

Conclusive recommendations on the final burial of plutonium in the form of saturated and calcinated
silica gel granules will be made after additional data is obtained on the effects of radiolysis.

The authors would like to express their deep gratitude to the Department of Energy of the United States
for sponsoring the above mentioned studies.

DISCLAIMER
The views expressed in this paper are those of the author(s) and do not necessarily reflect any biases,
proposed actions, or decisions of the United States Government or any agency thereof.
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ABSTRACT

In the late 1980's development was begun on a process using microwave energy to vitrify low level
mixed waste sludge and transuranic mixed waste sludge generated in Building 374 at Rocky Flats.
This process was showE{to produce a dense, highly durable waste form. With the cessation of
weapons production at Rocky Flats, the emphasis has changed from treatment of low level and
TRU wastes to stabilizaiton of plutonium oxide and residues. This equipment is versatile and can
be used as a heat source to calcine, react or vitrify many types of residues and oxides. It has natural
economies in that it heats only the material to be treated, significantly reducing cycle times over
conventional furnaces. It is inexpensive to operate in that most of the working components remain
outside of any necessary contamination enclosure and therefore can easily be maintained. Limited
testing has been successfully performed on cerium oxide (as a surrogate for plutonium oxide),
surrogate electrorefining salts, surrogate residue sludge and residue ash. Future plans also include
tests on ion exchange resins. In an attempt to further the usefullness of this technology, a mobile,
self-contained microwave melting system is currently under development and expected to be
operational at Rocky Flats Enviromental Technology Site by the 4th quarter of FY96.

INTRODUCTION

Microwave vitrification was originally developed, at Rocky Flats in the late 1980’s as a process to
stabilize by-pass sludge generated in Building 374. By-pass sludge is generally a low level mixed
waste (LLMW). Microwave was selected because it could economically reduce waste volume, treat
to meet land disposal restrictions and immobilize the material for shipment. While the microwave’s
vitreous waste form was decidedly superior to the cemented grout process, with which it competed,
life-cycle costs drove the selection of the process for treatment of this waste.

Initial work was performed on one and two liter containers of material that were heated by a
variable, zero to six kilowatt (kW) power supply. These bench-scale experiments were very
successful in treating a wide range of surrogate wastes as well as plutonium contaminated waste.
The unit was also demonstrated on rasching rings, soils, ash, salts and other miscellaneous wastes.
At this relatively small scale, the unit was very versatile.
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The microwave process uses a metal or ceramic container as part of the microwave chamber. After a
heating/solidification cycle is completed, the inexpensive, single use containers are removed from the
chamber to cool and become part of the waste form. Concurrent with cooling, the next run may
proceed.

Subsequent work was performed with the aim of scaling the process up to thirty gallon drum size.
This larger size in its current configuration uses a 60 kW generator for studies on surrogate by-pass
sludge. Again this work was very successful. The system was designed to operate in a continuous
or semi-batch mode filling the 30 gallon drum to 750 pounds. Figure 1 is a schematic of the
microwave unit which includes the generator, wave guide, container as part of the cavity, and
continuous feed. Figure 2 is a photograph of the large system. This large scale work is currently the
subject of privatization negotiations.

Chillter
Tuner
Teflon
Wave Gu’d& Window  1ove box
<§ Microwave Waste
Container———
Generator
0-6 kW - variable
2450 MHz
Applicator
/ Screw feeder
Glove port
Tumtable

Figure 1: Schematic Diagram of Microwave Treatment System

RESIDUE AND OXIDE STABILIZATION

After the Rocky Flats weapons production mission was suspended in 1992, the site was confronted
with the need to stabilize residues and plutonium oxide. Prior to that time, residues and plutonium
oxide were accumulated for reprocessing. Conventional residue recovery technologies could
conceivably have been employed to stabilize all of the residues. However, many of the facilities at
Rocky Flats have been shut down and are no longer available for residue and plutonium oxide
processing. As aresult new processes are necessary to treat residues and plutonium oxide.
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Microwave heating is an attractive candidate for residue and plutonium oxide stabilization. Itis a
relatively mature technology with a 6 kW system currently operating in a plutonium contaminated
glove box (see figure 3). It can be used as a generic heat source to vitrify, calcine, and react. It can
produce waste forms that can readily be transported, stored, disposed of at the Waste Isolation
Pilot Project (WIPP) or incorporated in the Defense Waste Pilot Facility (DWPF) via the can-in
canister concept. Therefore, program emphasis has been shifted from LLMW and TRU sludges to
residues and plutonium oxide. For these applications, criticality concerns make the smaller units (1
to 4 liters) more desirable than larger units (30 gallons). This fact is somewhat serendipitous, since
the smaller units are muth easier to control and will require yery little additional development.

EXPERIMENTAL WORK
Sludges
Both surrogate and actual contaminated sludges have been processed in the bench-scale
units.1,2,3,4,5 With the addition of a suitable source of silica, such as glass frit or crushed rasching
rings, the resultant product is vitreous or crystalline with a specific gravity that can range above 3.0.
Toxic Characteristic Leach Procedure, (TCLP) tests show that the resultant product is very
resistant to leaching and would be a nearly ideal waste form. The plutonium also appears to remain
bound up in the matrix material. TCLP studies were performed on surrogate sludges spiked with
RCRA hazardous metals to levels representative of actual by-pass sludge at Rocky Flats. The
metals of concern were chromium, nickel, lead, cadmium and silver. Several tests were performed
with varying percentages of surrogate sludge to glass formers, simulating varying waste loadings.
TCLP results demonstrated that for all spiked metals, the leachability could be reduced below the

" universal treatment standards for non-waste water as set forth in 40 CFR 268. In general
leachability results were two to three orders of magnitude below the spiked sludge concentrations.3
Figure 4 is a photograph of the sludge waste form before and after vitrification.

Salts

Salts are not generally amenable to vitrification. However, the need for salt stabilization stems from
reactivity concerns. Water that is tied up in the salts is available for hydrogen generation and the
presence of reactive free metals such as calcium, sodium, and plutonium decrease the stability of the
residue form. Heating in an oxidizing environment is an obvious method for stabilizing salts.
Conventional stationary furnaces, without major modification, can perform this function in an eight
hour shift. However, if a microwave ‘melter’ is employed, dramatically reduced cycle times can
result. Because microwave energy directly heats the material and not the equipment or refractory,
heating and cooling are rapid. Potentially, three or more batches per shift are possible. Microwave
processing could be done in approximately one third the space for approximately one third the cost.
Experimental work has been performed on electro-refining salt surrogates6 (Figure 5). Results of
tests show that pure salt does not exhibit sufficient coupling with microwave energy to obtain
temperatures necessary to oxidize the reactive metals. However, the addition of sodium carbonate,
commonly used in salt stabilization as an oxidizing agent does result in sufficient coupling to
oxidize the reactive metals and solidify the mixture.
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Oxides

The Defense Nuclear Facility Safety Board (DNFSB) 94-3 requires stabilization of plutonium
oxides at Rocky Flats. Microwave heating has been proposed to achieve this by calcining and/or
vitrifying oxides for the!same reasons that it was proposed 'for stabilization salts. The microwave
process can heat the oxides faster and cheaper. Current microwave treatment systems were
intentionally designed to be standard, uncomplicated equipment and therefore are unable to control
temperature to the close tolerances that can readily be achieved in conventional furnaces. However,
to achieve adequate stabilization, it has been determined that the oxide must be heated to a minimum
of 1000°C. Since no upper temperature limit is necessary, the close temperature control available
with standard furnaces is not required as long as the minimum temperature can be assured.
Experimental results show that pure cerium oxide (surrogate for Pu02) does not couple with the
microwave field well enough to achieve this required temperature. Cerium oxide heated in non-
glazed ceramic crucibles did not couple with the microwave energy, while samples heated in glazed
crucibles produced a mixture of sintered oxide held together with remelted glaze. Impurites in the
actual plutonium oxide may help to increase the coupling or crucibles made from silicon carbide or
graphite (which do couple with the microwave field) could be used for this operation.

Additional tests were conducted in which borosilicate glass was added to the cerium oxide to
improve the coupling with the microwave field. These mixtures produced a vitreous product upon
heating (see Figure 6). The vitrified material completely eliminated all cerium oxide fines. Mixtures
of up to 60 percent cerium oxide have been vitrified. These surrogate experiments demonstrate that
microwave freatment has the potential for stabilizing plutonium oxide in crucibles which are
compatible for storage in 3013 containers. Since the same piece of equipment is versatile and can be
used for several other stabilization operations, microwave technology is an economical and practical
method of processing oxides.

Ash

Both surrogate and contaminated ash have been vitrified5. Ash makes an ideal feed for microwave
vitrification. Its high silicon content allows it to be processed with little or no frit additive. Tests
have demonstrated that up to 20% elemental carbon can be mechanically incorporated into the glass
matrix. Microwave vitrification is a very attractive method for stabilizing ash.

Ion Exchangg Resins '
If a microwave ‘melter’ is available, it may be possible to use it to stabilize DNFSB 94-1 resins.
Experiments in oxidation and pyrolysis are planned to determine the potential for this application.
Some of the major technical questions that need to be resolved are:

1. What will happen when the resins are heated in air?

2. Will they spontaneously react due to their nitration?

3. Will the combustion products interfere with microwaving by causing arcing?

4. Are the pyrolyzed graphite resin beads a satisfactory storage/shipment form?
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CONCLUSION

Microwave processing appears to be applicable to all of the residue forms studied and perhaps
some others as well: (Sand, Slag and Crucibles, Raschig Rings, Graphite, Heels, Fire Brick etc.).
The process was developed to treat LLMW and TRU sludges and consequently performs quite well
on residue sludges. Initial results indicate that another good application is calcining and/or vitrifying
oxides. Also salts could potentially be stabilized in the microwave melter. Testing with actual,
plutonium contaminated salts need to be performed to verify this. With little or no modification, a
simple low-to-medium technology unit or duplicate units will be able to stabilize many different
residue types.

However, there is one problem that has not been addressed. At Rocky Flats residues are stored in
many locations and transporting them to one, or more, central microwave unit is an expensive
process. One possible solution to this problem is to make a portable, modular unit(s).

A conceptual design for a prototype portable microwave system was prepared as part of the
microwave technology transfer initiative. Additionally, a new small, portable microwave system
has been designed for Safe Sites of Colorado (SSOC) (see Figure 7). The first physical unit should
be available by the end of 3rd quarter FY96. This unit is being developed for processing residues in
or near their storage location. This approach will save tremendous cost by eliminating or minimizing
transfer operations.
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ABSTRACT

Approximately 10 to 20 metric tons of plutonium in the U.S. is in the form of scrap, residues; oxides,
ash, metal, sludge, compounds, etc. Not all of this material is chemically stable or in packaging
acceptable for storage. Thus, it constitutes a significant potential hazard to employees and to the public.

This paper describes a relatively simple concept for stabilizing most of this type of pliutonium by
converting it into encapsulated glass. A full-scale hot demonstration of the concept is proposed, in
which Rocky Flats ash would be vitrified and sealed in small cans, followed by encapsulation of the
cans in Defense Waste Processing Facility (DWPF) canisters with high-level waste glass. A team of
experts from Savannah River Site (SRS), Los Alamos (LANL), Rocky Flats (RF), Argonne National
Laboratory (ANL), and Pacific Northwest Laboratory (PNL) would provide oversight of the planning
and execution of the demonstration.

In the overall concept, the vitrification processing (following the demonstration) would take place in
shielded glove boxes at the four sites where most of the material is now stored. The small cans of glass
would allow safe, secure, and monitorable interim onsite storage, or transportation to a centralized site.
To permanently dispose of this material an additional step would be taken. The small cans of
plutonium-glass would be mounted in a frame and placed in an empty DWPF canister which would be

211



filled with molten high-level waste (HL W) glass. The canister would subsequently be sent to the
national HLW geologic repository.

The proposal described in this paper offers an integrated national approach for early stabilization and
disposition of the nation's plutonium-bearing residues.

INTRODUCTION _

During the decades of the Cold War, plutonium was produced in the U.S. to support nuclear weapons
production. When the production of weapons was terminated, the production facilities, and to a lesser
degree research facilities, were left with substantial quantities of plutonium-bearing residues, most of
which had been destined for recycle and recovery. However, the production facilities that could be used
to purify and/or sftabilize these residues are shut down, leaving the current dilemma of how to stabilize,
secure, safeguard, and dispose of them.

Two different reviews have been conducted to assess the risks associated with present storage methods
for these materials, one by the Department of Energy! (DOE) and another by Congress's Defense
Nuclear Facilities Safety Board2 (DNFSB). The DOE assessed the "environmental, safety and health
vulnerabilities of the entire DOE inventory of fissile materials". The principal conclusion was "Overall,
the Department's inventory of plutonium presents significant hazards to workers, the public and the
environment, and little progress has been made to aggressively address the problem."

The DNFSB Recommendation 94-1 to DOE concluded that "...imminent hazards could arise within two
or three years unless certain problems are corrected.", and offered recommendations for correcting the
problems that had been identified. In a subsequent report to the Congress3, DNFSB concluded "the

risks posed by those materials are more serious than appear to be recognized by DOE, and ...schedules
for stabilizing ... need to be accelerated...".

BODY

The Material

A detailed accounting of plutonium inventories by type and location cannot be given in this report
because of security classifications of some of the material. However, enough information has been
released to conclude that the total amount of plutonium in various scrap and residue categories is
between 10 and 20 metric tons, excluding classified material, fuels, and targets. This is the material
addressed in this paper. The approximate distribution of these types of materials among DOE sites is
shown in Table 1.

Table 1. Distribution of Residues Among DOE Sites

DOE Site Wt. % Pu
Rocky Flats 64
Hanford 14
Los Alamos 12
Savannah River 8
7 National Labs 2
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Lawrence Livermore National Laboratory prepared an unclassified report? that identified types of
plutonium-bearing materials that need to be stabilized and disposed of. That report used data from
DOE's Nuclear Materials Management and Safeguards System (NMMSS), and characterizes materials as
follows, (excluding pits and fuel):

e (Clean Metal Essentially pure plutonium, regardless of grade.

Impure Metal/Alloys Impurities < 50% by weight.

e (CleanOxide PuO,, with < 3% impurities.
o Impure Oxide PuO,, with 3 to 50% impurities

e Compounds (other than oxide) Plutonium fluorides, carbides, chlorides, etc., with <50%
impurities.

e Rich Scrap Metals, alloys, oxides, compounds, etc., 2% to 50% plutonium.
e Lean Scrap Metals, alloys, oxides, compounds, etc., generally <2% plutonium

o Reactor Fuel, Unirradiated

o Reactor Fuel, Irradiated

e Miscellaneous

A recent DOE report>, produced for accountability purposes, gives some unclassified inventory data for
DOE sites, and in December, 1993 DOE Declassification Office declassified and released some relevant
plutonium inventory data®.

Several DOE sites group their plutonium-bearing materials in ways that are different from the NMMSS
categories, above. They do this for specific purposes. For example, one of the ways Rocky Flats
groups theirs is into five "buckets" based on possible methods to treat them for disposal. The "Ash
Bucket", for example, contains not only ash, but all "ash-like" materials such as impure oxides, "sand,
slag, & crucibles", firebrick, etc.

Rocky Flats ash is proposed for demonstrating the concept of onsite vitrification in existing glove boxes
and final disposal at DWPF via the Can-in-Canister method, which is described in another paper in this
conference. The scrap material in the Rocky Flats "Ash Bucket" contains about 1,200 kg of plutonium
in a bulk weight of about 28,000 kg, giving an average plutonium content of about 4%; the maximum
plutonium content in any lot is 43%. Most of the plutonium in this "bucket" is PuO5, but the various
lots contain a wide variety of other chemical compositions. Therefore, vitrification of a range of ash
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types would have value as a demonstration for other types of scraps and residues at Rocky Flats and
elsewhere by establishing concentration limits of certain elements in the glass.

The approximate distribution of DOE residue materials by material type is shown in Table 2.

Table 2. Approximate Distribution of Residues by Type

Residue Type Wt. % Puin T}"pe

Ash and Oxides 46
Metal and Alloys 20
Compounds with Cl, F 16
Combustibles 1
Miscellaneous & Sol'ns 17

Demonstration Proposal
The initial step is to prepare a proposal for a demonstration that includes the following distinct tasks:

. Document material types, quantities, compositions, locations, and packaging

. Document best judgment on what constitutes acceptable glass quality for disposition in either a
geologic (HL W) repository or the Waste Isolation Pilot Plant (WIPP).

. Conduct small lab vitrification tests with samples of Rocky Flats ash to establish glass-making
parameters, compositions, limits, etc. for candidate materials.

. Determine batching and blending strategies to eliminate or minimize pretreatment.

. Identify materials that would require more complicated pretreatments or other immobilization
methods

. Select melter based on lab tests and disposal (Can-in-Canister) requirements.

. Procure and install equipment for demonstration in Rocky Flats glove boxes.

. Vitrify a selection of ash materials, destructively examining glass to validate quality.

. Vitrify a larger selection of ash materials, storing cans onsite for subsequent transfer to SRS.

. Transport cans to SRS and demonstrate Can-in-Canister encapsulation with hot HLW-glass.

. Provide best judgment cost and schedule for above.

Most, if not all, of the data on material types, etc. is available, and needs only to be consolidated in one
report that presents the data in ways that are focused on this particular mission.

The section on "acceptable glass" has been drafted, and takes the position that the glass must meet the
criteria for HLW glass disposal in Yucca Mountain.

Some lab vitrification tests on Rocky Flats ash have been, and are being, performed. Sufficient tests need
to done to cover the full range of chemical compositions of materials in the "Ash Bucket". The tests will
reveal melting characteristics, viscosity vs. temperature, characteristics of the glass product such as
degree of cracking, strength, durability, dissolution rates, etc. The tests will establish chemical
composition bounds for acceptable glass and melter conditions.

The full-scale demonstration runs at Rocky Flats will be conducted as Research and Development tests,
with direct oversight by the inter-site team. A full complement of safety analyses, criticality
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assessment, training, and procedure preparation will be necessary to assure safe conduct of the
demonstration. Routine melter feed preparations will include pulverizing, blending, roasting, analyzing
and batching, with treatments tailored to specific feed batches to assure good material accountability and
good quality glass. The first cans produced will be destructively examined to validate the glass quality.
Subsequently, additional cans would be made for shipment to SRS for the second phase of this "hot"

demonstration — final encapsulation of the cans in DWPF canisters with HL W-glass, called Can-in-
Canister disposal option. The details of the Can-in-Canister option are presented in another paper in
this conference.

Conceptual Process
An overview of the entire integrated national program of stabilizing residues, as currently envisioned, is
given in Figure 1. The demonstration that is proposed in this paper is the initial phase of that program.

Metal or Alloy Pu Oxide Halide Salts | |Combustibles | | Residues & Sol'ns
& Ash
Dissolve Inerts, Oxidize Varied
Roast

Vitrify in Small Melters at Site Where Scrap is Located. Encapsulate in
Small Stainless Steel Cans.

[ Transport to SRS for Interim Storage ]

e

Load into DWPF Canister, |
[ Pour HLW-Glass Around | H FINAL DISPOSAL

Convert to
Oxide

Figure 1. Overall Concept - Residue Stabilization and Disposal

The vitrification process, as currently conceived, is shown in a block diagram in Figure 2. Drums of
residue would be unloaded into the processing glove box train. This may consist of a single lot of
material, or more than one lot if blending is required. The residue will be unpackaged and a weighed
batch will be pulverized and then mixed thoroughly with a weighed quantity of clean glass frit (coarse
powder).
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Blend with

Drum Pulverize

Unload Glass Frit
Fijl Cans Storage

with Glass '

Figure 2. Vitrification Block Flow Diagram

Pulverizing the residue will achieve a particle size (to be determined in Iab tests) to assure an acceptable
dissolving rate in the molten glass. The residue will be roasted to remove moisture or any other volatile
materials. A weighed quantity will then be thoroughly mixed with a weighed quantity of clean, dry, glass
frit to produce the final melter feed batch.

The feed batch will be added to the melter and kept in a molten state for sufficient time to assure
complete dissolution and homogenization of the components. The molten glass will be poured into
stainless steel cans, nominally 3.5" x 15". After the glass has cooled, a top will be welded on each can
and the exterior of the can will be decontaminated, probably by blasting with solid CO2 to minimize
secondary waste generation. The decontaminated cans will be removed from the glove box train for
storage.

Benefits of Concept :

Because this stabilization/disposal method would use éxisting facilities and spread the work out among
the affected sites, it is likely to be the cheapest and fastest way of stabilizing DOE plu?;onium-bearing
residues.

The plutonium-glass in the small cans would make a relatively durable package and be critically safe,
relatively non-dispersible, and chemically stable. Material Control and Accountability of the plutonium
in these forms during storage would be relatively simple, essentially a piece count. Since the cans of
plutonium-glass would be virtually identical, regardless of their source, the same shipping cask and
permit can be used for all material.

The concept is also flexible; the cans could accommodate other disposal options — WIPP for example —
or, if national policy changed, the plutonium could be recovered for use by pulverizing the glass and
dissolving the plutonium in nitric acid.

This concept offers a realistic and cost-effective merger of the goals of both affected DOE offices —
Environmental Management and Material Disposition.

216

O L L rr————— —



Issues
e Clear direction, including a statement of goals and expectations is needed.

« For this program to proceed expeditiously, a clear line of DOE authority and oversight is needed to
provide for prompt decisions and flexible compliance with DOE Orders. Early involvement by DOE-
EH, -RW, and the Nuclear Regulatory Commission is recommended. :

« Authorization and funding is needed now to develop the proposal and initiate studies.

« Before the hot demonstration of DWPF encapsulation of the cans can begin, several things must

occur:

- Unambiguous approval of this waste form for geologic disposal. It would not be advisable to
make HIL W-glass canisters with no assured way of getting rid of them.

- Upgrade security and safeguards at DWPF. The DWPF is currently a "Property Protection" area,
handling no Special Nuclear Material.

- Obtain favorable assessment on acceptability of DWPF's Glass Waste Storage Building for storage
of this new waste form.

- Reassess, and perhaps revise or create addenda for DWPF's National Environmental Policy Act
(NEPA) documents.

- Complete modifications and authorizations in F-Area to receive and store plutonium-glass cans,

mount them in frames, place the frames in DWPF canisters, and weld on the canister top head and
nozzle.

SUMMARY '

This paper describes and proposes an integrated national approach for early stabilization and disposition
of the nation's plutonium-bearing residues. The proposal is to vitrify residues at the major sites where
they are now stored into a common plutonium glass form in existing facilities and with available
technology. The primary container for the plutonium-glass would be a robust, seal-welded stainless
steel can. This package would be safe, stable, secure, monitorable, and easily transportable. This
program appears capable of satisfying the recommendations of DNFSB 94-1. Also, final disposition of
this material could be achieved in a way that meets the criteria and objectives of the fissile material
disposition (MD) program.

DISCLAIMER

This paper was prepared as an account of work sponsored by an agency of the United States
Govermnment. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessarily state.or
reflect those of the United States Government or any agency thereof. -
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Session Chair for Stabilization Standards, Technologies and Applications:
Martin Seitz, DOE Office of Environmental Management
Tuesday December 12, 1995; 3:00 pm

Question / Comment 1:

John Bates, Argonne National Laboratory

These aren't anymore than comments, but under the disadvantages that you listed, Paul. With
regard to the disadvantages, I just wanted to say that in the United States, we tend to look at our
own problems. While we have recognized that the Russians certainly have experience in melter
technology, I think we have to look at some of the other countries that certainly have experience
in high level melter technology. Consider that to our advantage when we are evaluating the
technology and its usefulness. Also, with regard to testing and evaluation of materials:
currently, almost all the testing with high level waste is being done on fully radioactive or
actinide-doped waste. For the High Level Waste repository, it makes no sense to do testing on
surrogates. As a matter of fact, for the Plutonium Immobilization Program, it also makes little
sense to do testing on surrogates. So, for both of those programs, the majority of the testing is
being, and will be, done on actual HLW or plutonium containing materials. I think I have made
two of the three points, but the one that I really want to get across is, and I think you would
agree, is that in order to evaluate the behavior of the actinides and the materials, you really need
to work with those materials. And I think that in the MD program, we are going to be doing that.

Question / Comment 2:

Larry Penberthy, Penberthy Vitrification

I made a comment about borosilicate glass being inadequate for the control of radioactive
materials. I wrote a paper on that at the request of the Defense Nuclear Facility Safety Board. It
is “The Rise and Demise of Borosilicate Glass for Rad Waste.” Now, that is a very pointed title
there are copies of it out there on the desk, and I'm getting some more in case those are gone.
Now, the question was raised immediately. "Well, if you don't like borosilicate glass, what do
you advocate?" And the answer is the standard glass of 4000 years that has been made
commercially and that is aluminosilicate glass. No boroninitatall. Aluminosilicate glass was
the standard glass bottles, plate, everything exposed to the elements, and has been tested all that
long. Some aluminosilicate glass was lost in vessels, that is, containers, domestic containers in
ships sunk in the Aegean Sea 2000 years ago. And the alteration there in salt water was only
about a half millimeter i in2000 years. That’s an alteration layer; it doesn't mean it's dissolved.
Now, we know a lot about the aluminosilicate glass because it's been standard for so long in
glass containers. The Atomic Energy of Canada, Ltd., however, went one better. They raised the
alumina content by 2 or 3% and made some excellent glass. They called it nepheline cyanate
glass that starting in 1956 and 1958, they made 30 blocks of this, 4 kilogram blocks. They
buried these blocks in the wet soil where there was moving ground water. They have exhumed
some of those blocks every 5 years. They've got something close to 35 years of testing. And
there is actual waste being tested and the only effect they have found on the glass is a slight
iridescence of the surface, which is an optical dimension of loss of material from the glass.
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Question / Comment 3:

Leonard Gray, Lawrence Livermore National Laboratory

Mr. Chung, I think I heard you say that the material going into the 50 year can, would have to be
totally free of organics. Is it possible to achieve that?

Answer:

Donald Chung, Scientech, Inc.

When we say organic, we mean moisture and plastics. Right now we’re also excluding plastic
coatings, things that are practical. I know if you are talking in the absolute sense of it, the
concern has to do with gas generation from radialysis. Now, if you have a very minute amount
on the inside of the can and it is radialyzed to gas, it is not going to be significant enough to
pressurize the container to create a problem. Then you won't have to worry about it. But
basically, the concern is not having any plastic bags, plastic components; moisture content has to
be less than 0.5% by weight.

Gray:
Moisture less than, not totally free of it?

Chung:
Totally, in a practical sense.

Gray:
I'm pushing you a little bit on this, as you can tell.

Chung:
Yes, you are right. It is not totally.

Gray:
That raises another question about the can itself. I gather that it is not a simple matter to create
this double layer 50 year can. As an outside observer, I would have thought it to be relatively -

‘simple, but it’s evidently very difficult. What is the effect of the heat from welding the container

shut on the contents, and how can you determine what the effect of the heat is on the contents, if
you are actually sealing a container? Have you tested it with plutonium itself?

Chung:

Yes, several packages. Los Alamos has created two packages, thus far, that meet 3013
requirements. This being a twenty minute presentation, I did not go into a lot of detail. One of
the requirements has t¢ do with how much material that you can put in the container. Based on
criticality and transportation limitations, you are limited tg less than 4.5 kg. Also, the volume of
the container, a primary container vessel, you are looking at little over 3 liters. So, if you could
visualize something a little bit taller than this container right here of, I guess, 4.5 Kg of
plutonium, there would be about 2 golf balls. Most of the container volumes are actually void.
The welding of the container does not effect the materials itself. It is t1g welded. Iregretldo
not have a picture with me to show it to you right now.
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Gray:

I raise this question on behalf of someone that is not here who raises it every time he gets a
chance. Bill will know that you have heard this question. I would like to have you go there and
answer him. Thank you.

Chung:
Sure, I will be glad to talk to Bill afterwards. Thank you for the question.

Question 4:

Viktor Kushnikov, Institute of Inorganic Materials

I represent the Institute of Non-organic Materials. If I may, I would like to ask two questions of
the two presenters and would also like to make a brief comment. The first question is for Mr.
Rask. You have described the advantages of your technologies very well and have quite
convincingly illustrated its end product in the form of a plate, a knife. Would you please be so
kind as to satisfy the curiosity of Russian specialists and perhaps say a few words about the
technology itself. The first question is to you; the second directed to Mr. Paul Krumrine.

When you were assessing, excuse me, when you speak of the advantages of the vitrification
process, everything sounds marvelous! Yet, when you spoke of the negative aspects of this
technology, you mentioned, for one, it's high cost. I would like to ask you, were you calculating
only the cost of conducting the process itself or were you studying the whole system, from the
beginning of the process to disposal? What about those cases when you are disposing of waste in
a much smaller volume? This pertains in particular to liquid waste and especially to that waste
which has a low weight volume. Thank you. And, if possible, I would like to make a comment
later.

Answer:

William Rask, DOE Rocky Flats

We have shown the knife sharpening stone. Examples are to demonstrate that the technology is
not new. It's in our industry; it's basically available technology that has been used. To get into
all the various details of that, we have some issues in regard to patents. So, to get into very
specific details, then we have to go through lawyers with our contractor at the site.

Question 5:

Martin Seitz, US DOE, Office of Environmental Management

Bill, let me ask a question of you: I think it refers to a comment that we had. You talked about
the ceramification of that aluminum oxide. You didn't describe what the aluminum oxide looked
like before the ceramification. I think that would help at least in describing the process. It was a
powder. I don't know if you know if it was very small granular sizes, or whatever. But, maybe
you can describe it. That would help me a little bit.
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Answer:

William Rask, US DOE Recky Flats

This particular sample was aluminum oxide, to represent the plutonium oxide. The gradient of
powder was much like what we find in our oxide inventory at the site. We have roughly 3 tons
of plutonium tied up in our oxides. So, it's represented from that site, the small fine particle.

Seitz:
So, it was poured into that stainless steel crucible and ceramified and then it comes out as that
block?

Rask:
Yes, that is correct.

Question / Comment 6:
Martin Seitz, US DOE, Office of Environmental Management
This specific question is for Mr. Paul Krumrine on some issues of vitrification.

Answer:

Paul Krumrine, Waste Policy Institute

You ask about the cost associated with vitrification. Obviously, the costs can be on a broad
spectrum. When you look at HLW, for instance, it is remotely handled with the labor that goes
into some of those casks, I have numbers of up to a million dollars per cask. That is very
expensive glass. The. glass industry makes glass for about 7 cents a pound. So, there is a broad
spectrum there. Certainly vitrification is more expensive compared to cementation, or grouting
or some other type of technology. But there are ways of bringing that cost down. If you look to
increase the waste loadings, what have you, if you look to mixing waste together like in the
MAWS type process. There are many ways of bringing that cost down to a reasonable number.
It can make vitrification a very attractive technology to employ.

Question / Comment 7:

Viktor Kushnikov, Institute of Inorganic Materials

Among the negative aspects, of high temperature processes are products such as Cesium, which
can lead to undesirable volatility of Cesium. Those specialists, who work on the solidification of
high active waste, know that this is one of the leading problems in the course of technical process
implementation. Therefore, with the existing operational experience and the use of the industrial
furnace at MAYAK. They include studies we are conducting with cold crucible technologies.
We are paying a great deal of attention to this problem and already have experimental results and
technical solutions, which provide for minimal Cesium volatility, even with temperatures
exceeding 1,500 degrees C. o
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When you are speaking about the endless ways for the management of radioactive waste,
specifically from the standpoint of vitrification and all the many options for technical solutions.
As Iunderstood it, based on your presentation, the induction melters possess maximum
advantages and a minimum of shortcomings. At least that was my impression and you said here,
that the U.S. is studying this melter in order to somehow evaluate it's applicability for the nuclear
fuel cycle sites in the United States. My question and comment consist of the following. For
quite some time now, I have heard about, and had frequent opportunities to discuss, this
industrial melter with American specialists and I would like to ask this. When will the
Americans finally show some genuine (financial) interest in this melter, instead of making
promises, saying that the matter needs to be studied further or that additional consultations are
needed on this matter, etc.? Thank You.

(Note: Session Chair, Martin Seitz suggested that we may want to have a follow-on discussion of
this topic and deferred the question to Paul Krumrine.)

Answer:

Paul Krumrine, Waste Policy Institute

I'm not sure I'm the best person to respond to the total question that you have asked. But in my
involvement down at Savannah River, I have been involved to some extent with, exposed to
some the technologies that they plan to use for the TRU Waste. Down at Savannah River, they
have about 15,000 drums of TRU Waste that they are looking to dispose of. Now, this hybrid
Russian cobalt melter is one of the technologies that is being proposed at this point to use on that
waste. It seems to be a good marriage, from what I have heard, from the technologists that are
looking at it. Because it can operate at high temperatures, it's ideal for melting the drums without
possibly having to open them and characterize every one. And the waste forms that you get from
it are volume reduced, so there are a lot of benefits for doing that. AsI understand it, the melter
is being built in Russia and should be delivered to U.S. in early '96. It'll be first tested at Georgia
Tech. and pending the results of those tests, and on further review by some other independent
technical people, I would expect it'll be given a fair assessment. I can't say exactly when that
would happen.

Answer:

Leonard Gray, Lawrence Livermore National Laboratory

Someone from Savannah River would be much better to answer this than me. We had Viktor at
Savannah River yesterday, and we discussed the melter that is to be received at Georgia Tech. It
is not the melter that Viktor is talking about. It is a different concept that the one that Viktor is
talking about all together. It is a melter being built in Russia, so all the things you said was
correct. It is just not the melter that Viktor is talking about.

Question / Comment 8:

Leonard Gray, Lawrence Livermore National Laboratory

[Dr. Gray expressed some concerns about the Research and Development Plan. It was weak in
describing activities, schedules, milestones, budget, and is devoid of accountability for the
projects. A more detailed implementation plan to augment this needs statement would be
required.]
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The next one is to Bill Rask. Bill, it's very easy to: stand up and propose something when you are
not looking at all the problems. I saw what you have presented. I find it very difficult to believe
that glass is going to flow in there. Right now, we are concerned about whether or not the glass
will flow around the cans, can-in-canister concept, much less try to get down in the very small
pores that you will have in that material. I'm also concerned about the fact that the ground rules
that we are trying to operate under, between EM and MD, is that EM will not do things to the
plutonium that MD has to turn around and spend more money on undoing what you have done,
such that we can disposition the material. I am very much concerned about the product you are
showing being very difficult to handle in a downstream process . I really think that we need the
two organizations really talking to one another and developing processes that can be handled
downstream. Not handling materials, in such a way as to make it more difficult to process ina
down stream process. I would like to talk to you about it. But, I think you are headed in the
wrong direction. '

Answer:

Robert Kenley, US DOE, Office of Environmental Management

Yes, we received your letter, Leonard, regarding your comment. There is a letter coming out of
Hank Dalton's office to respond to you. We are meeting commitments that have to stabilize
materials in three or eight years and we feel that we have evaluated technologies that fit within
that time frame.

Martin Seitz, Session Chairman. Purpese of the Research Plan.

I am the Program Manager at the Department of Energy for the stabilization of plutonium
solutions. As exemplified by the Research Plan, I believe the Department has successfully met
the commitment made in the Implementation Plan for Recommendation 94-1. The commitment
is that, by November 1995, the Research Committee will have assessed current research and
development efforts aéainst complex-wide nuclear materials stabilization needs, and identified
areas where initial research and technology efforts are to be strengthened. Others can judge. As
announced at this workshop, I have sent the Research Plan to everyone who has requested it.

The Research Plan is not a contract from the Department to a laboratory for specific deliverables.

[The Office of Nuclear Materials Stabilization is developing a technology implementation plan to
be completed by June 1996. The plan contains specific technical activities, milestones, and
budget.]

I understand that you at Livermore have been developing a research plan for the Fissile Materials
Program. I look forward to reviewing the plan when it becomes available.

Question / Comment 9:

William Rask, US DOE Rocky Flats )
In regard to the form, one of the unique things about that particular product is we eliminate our
risk today. No longer how long it's stored, we now have a solid article. If you want to proceed
on further, in any form, whether it's an MOX fuel or whether we go into a vitrified product, it's
amenable to either one of those. The worst, from the standpoint of an MOX fuel, would be the
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grinding of it. 'You would have to particle size it and put binders with it, and do ydur
compression at high temperature or take it as is, if it is purified enough right now, and you could
make mox fuel simply in the future. So, it does not stop you from going forward; it's a matter of
grinding, which we would have to do anyway with all of our oxides, or the density is about 60 to
65%. And when we do multiple impregnations of it presently, we have basically good flow of
material through the product.

Question / Comment 10:

Martin Seitz, US DOE Office of Environmental Management

I would like to ask one question to Xavier Ascanio. We had heard one recommendation that we
propose to develop standards for packaging curium and other actinide materials. 1 would;ask
Xavier if, in fact, his office is taking that on as the next challenge after the less than 50% criteria.

Answer: '

Xavier Ascanio, US DOE, Office of Defense Programs

The answer is, Martin, I haven't really thought about that yet. But it certainly would fall within
the range of things that we do, and we will consider that.

Question / Comment 11:

Pete Macedo, Catholic University of America

We do vitrification and opening packages is always a problem. So, if you decide to put the
uranium oxide into a package, figure out how one ever gets vitrified sometime in the future.
How does one open? How does one not contaminate the outside can so that you do not end up
with a lot of extra other waste, so that you only have the inside can contaminated? Think of not
just putting it in, but ta'king it out, because taking it out always causes a lot more waste.

Answer:
Donald Chung, Scientech, Inc.
That is a recognized problem. Thank you.

Question / Comment 12:

Larry Penberthy, Penberthy Vitrification

I have been working with glass for a very long time, four decades or more, now. We have a lot
of fun with it. So when we have some glass, which we said was very good, we would give you a
written guarantee for stability for 4000 years, based on what the Mesopotamians did, and the
Greeks did 2000 years ago, the Venetians 1400 years ago. We'll give you a written guarantee on
it. But to supplement that guarantee, let's make absolutely sure it's okay. So, we poured some of
our glass, a stream of glass about a pencil size in dimension, molten glass, and we put it in there
as a container some 8 oz. pickle jars. The pickle jars are encased in a little container that was
heated, and so, up to the lower end needle temperature so the pickle jar would not fracture when
the hot glass hit it. So we moved under the glass and then fill up the pickle jar, sprinkle a lot of
the same kind of glass, pickle jar glass, crushed this time, and then fuse it down. And, now we
have glass in glass. We have a glass that was guaranteed for 4000 years before it ever gets to the
inner material. We thought it was a pretty good idea.
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Closing Remarks:

I think this is a good working discussion. I think that at the moment we are not ceramifying
materials at Rocky Flats, but it is an extremely interesting technology. This clearly is a dialogue,
certainly, with the entire community in the US of stakeholders, including environmental
management and disposition folks. I think it is quite within the bounds of the workshop here.
Let me take a break here to make two announcements.

DISCLAIMER _

The views expressed in this report are those of the author(s) or the individuals identified as
making the remarks, and do not necessarily reflect any biases, proposed actions, or decisions of
the United States Government or any agency thereof.
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ABSTRACT

If plutonium and other actinides are to be immobilized in glass, then achieving high concentrations in
the glass is desirable. 'lihis will lead to reduced costs and more rapid immobilization. However,
glasses with high actinide conconentrations also bring with them undesirable characteristics,
especially a greater concern about nuclear criticality, particularly in a geologic repository.

The key to achieving a high concentration of actinide elements in a glass is to formulate the glass so
that the solubility of actinides is high. At the same time, the glass must be formulated so that the
glass also contains neutron poisons, which will prevent criticality during processing and in a geologic
repository.

In this paper, the solubility of actinides, particularly plutonium, in three types of glasses are
discussed. Plutonium solubilities are in the 2 - 4 wt% range for borosilicate high-level waste (HLW)
glasses of the type which will be produced in the U.S. This type of glass is generally melted at
relatively low temperatures, ca. 1150°C. For this melting temperature, the glass can be reformulated
to achieve plutonium solubilities of at least 7 wt%. This low melting temperature is desirable if one
must retain volatile cesium-137 in the glass. If one is not concerned about cesium volatility, then
glasses can be formulated which can contain much larger amounts of plutonium and other actinides.
Plutonium concentrations of at least 15 wt% have been achieved. Thus, there is confidence that high
(= 5 wt%) concentrations of actinides can be achieved under a variety of conditions.

INTRODUCTION

The easing of tensions between the former Soviet Union and the United States has led to
consideration of immobilization of the nuclear materials produced for national defense purposes.
This work is focused on the actinides, primarily plutonium, which have been used in nuclear
devices. An important driver for this is the concern that the material might be diverted, for example
by a terrorist group, who could reconstitute the material into a crude weapon. This could constitute
an even greater threat than the material does now. Thus, in the United States, the immobilization
task within the Materials Disposition program is funding programs to look at glass and crystalline
ceramics as hosts for these materials.
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The vitrification working group (which includes representatives from Argonne National Laboratory,
Battelle-Pacific Northwest Laboratory, Lawrence Livermore National Laboratory, Oak Ridge
National Laboratory, and Savannah River Technology Center) is currently performing research and
development to support the U.S. NEPA process, and to assist in selection of a reference process
and glass composition, for detailed development and design.

Several process and facility options are being considered and are discussed in other papers in this
workshop. For all of the options being considered, a high loading of actinide (= 5 wt%) in the glass
is desirable. High plutonium loadings can mean a more rapid completion of immobilization. Asa
result, the period of heightened vulnerability for these materials would be shortened. A more rapid
completion of immobilization also would lead to a lower total cost of the program. High plutonium
loading can also lead to smaller, less expensive, facilities, particularly for storage of the material.

It must also be recogniied that glasses containing large amounts of actinides, particularly Pu-239,
also have undesirable facets.

« A glass with a high loading of plutonium is a more attractive target for diversion than a less-
concentrated form.

- Processing may be complicated by the need to preclude the possiblity of a nuclear criticality in
process vessels, and in the offgas system. '

o Assuring that the form does not present a significant potential for criticality in a repository may
be made more difficult.
i

For this paper, the options being considered can be consolidated as follows:

»  Addition of high-level waste to make the immobilized actinides a less attractive target for '
diversion. The nuclear material would be immobilized in a heavily shielded facility, such as the
Defense Waste Processing Facility at the Savannah River Site. This option has the least
technical risk, because the technology is in hand to vitrify HLW.

» Immobilization of the actinides in a glass containing large amounts of radioactive cesium (or
other high dose rate material), to achieve the same purpose. This option entails somewhat
greater risk than the first option, because it requires development of new glasses, and potentially
new types of melters.

«  Production of a highly stable interim glass form. Ifit were decided to dispose of this material,
the waste forms could then be interspersed with either HLW glass or another source of radiation,
at a later date. This option potentially could be initiated more rapidly than the others (for
example using existing remote facilities), and would make retrieval of the actinides unattractive
from a processing standpoint. This option also has a larger technical risk than the first.
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Thus, the vitrification working group is concentrating much of its efforts on determining how much
plutonium can be dissolved by molten glass to support each of these options. As an important part
of these efforts, the group is also working with the repository program to identify the potential for
nuclear criticality in a repository due to glasses containing large amounts of actinides. In the
sections below, the current state of our progress is summarized.

CRITICALITY PREVENTION STRATEGY

Assuring that a glass containing large concentrations of actinides does not have a significant
criticality potential in geologic storage is a daunting challenge. Little or no credit can be taken for
man-made structures or components during the long period of time during which such a glass might
pose a significant cntlcahty hazard. Thus, chemical means - nuclear poisons (neutron absorbers
which can prevent nucldar criticality) - must be included in the glass formulation to prevent nuclear
criticality.

Another important part of the challenge comes from the solubility of the actinides in repository
groundwater. It is well-known that plutonium is only sparingly soluble in aqueous solutions
representative of those in a repository. However, depending on the time frame of interest, the
daughter of Pu-239 - U-235 - may pose a more significant risk of a nuclear criticality. Uranium is
likely to be more soluble in oxidizing aqueous environments, where U(VI) predominates. However,
under reducing conditions, UO, forms, which is insoluble in groundwater. Thus, the working group
is including both water soluble and insoluble nuclear poisons in the glass formulation. Boric oxide is
included in all of the glasses which might be used to immobilize actinides. For each of the options
below, different species are used as insoluble poisons.

HIGH-LEVEL WASTE GLASS

Vitrification of a high-level waste is best thought of as a dissolution process. Glass-forming
chemicals, either as unreacted chemicals, or as premelted glass frit, are mixed with the waste, and
heated to 1150°C. At this temperature, the glassforming chemicals form a melt which dissolves the
high-level waste (HLW). The melt is then poured into a canister, which is sealed for storage, and,
ultimately, disposal. Ideally, the resulting glass is homogeneous - it contains no separate second
phases, either crystalline or amorphous. Thus, the glassformer can be thought of as a solvent, which
is formulated to maximize waste solubility and other important properties (such as chemical
durability).!

Glassformer compositions for HLW have been developed to dissolve large amounts of HLW. In
general, actinide solubility has not been a consideration. The concentrations of actinides in U.S.
HLW glasses are very small. In the case of Savannah River Slte s HLW, concentrations of
plutonium are on the order of 102 to 10 wt% of the waste.? Thus, for HLW, the focus has been
on developing glassformer compositions which can tolerate the variations in major non-radioactive
components in HLW, such as sodium, iron, and aluminum.

As a result, little systematic work has been done on plutonium solubxhty in HLW glass. In Russia,

at least one production facility has produced HLW glasses containing 1 wt% plutonium.® In
France,’ Germany, and the United States, glass doping studies, performed to examine radiation
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effects, have been the primary source of information about actinide solubility. In these studies,
plutonium or other actinides have been added to glass batches to achieve concentrations in excess of
1 wt%.> Unfortunately, because of the focus of these studies, little effort was made to ensure that
the plutonium was completely dissolved. Often, characterization of the amount and distribution of
plutonium actually dissolved in the glass was incomplete. However, these studies all lead to the
same general conclusions. For HLW glasses,

» The solubility of plutonium is limited to about 2 - 4 wt%.
« The solubility of thorium is approximately the same, or somewhat higher.

» The solubility of uranium is considerably higher, and depends on the redox state of the glass.
The solubility of “UQO2” is approximately 10 - 12 wt%; the solubility of higher oxides is higher.

» The actual solubility depends on the glass composition.

In perhaps the only study which specifically examined plutonium solubility in HLW glasses,
Plodinec was able to dissolve up to 7 wt% PuO, in a HLW glassformer composition. Although he
could not determine an exact solubility for plutonium in HLW glass, he was able to provide an
upper bound through visual examination of glasses produced from batches containing various
concentrations of plutonium. At 4 wt% PuO,, he concluded that the solubility of plutonium had
definitely been exceeded. He also explored the effects of glass composition on plutonium solubility.
He came to the following conclusions:

» Higher alkali contents in the base glass increased the solubility of plutonium. Higher boron
contents also appeared to have the same effect, but he could not rule out a kinetic effect for
boron.

= Waste content, and waste type, played a major role in plutonium solubility. It appeared that +3
cations in the waste were competing with plutonium for the same sites.

Based on the emerald green color of the glasses which contained only glassformer and plutonium,
it appeared that the plutonium was incorporated into the glass in the +3 state. If this is, in
fact, true, it means that plutonium solubility will be affected by glass redox.

Plodinec also performed similar studies with uranium oxides.” In these studies, the solubility of
“U0,” was 10 - 12 wt%, and depended on the glassformer composition in the same way as
indicated for plutonium. The solubility of more oxidized uranium oxides was at least 25 wt%.
Again, the redox state of the actinide appears to play an important rdle in the solubility.

A typical American borosilicate HLW glass composition is shown in Table 1. This glass represents
a blend of all of the HLW at the Savannah River Site (SRS). Soluble nuclear poisons include both
lithium and boron. However, the criticality safety basis for the glass is based on the water-insoluble
neutron poisons, iron and manganese.! If a HLW glass needed more than these species to prevent
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criticality, rare earth oxides could be included. The solubility of rare earth oxides, for example
Gd,0s, in SRS HLW glass is approximately 10 wt%.

Table 1. Projected compesition of initial DWPF glass. Minor components not included.

Component Amount (wt%)
Al,O4 4.85
B,0s 7.66
BaSO, 0.22
CaO 1.16
CaSO, 0.12
Cr,0; 0.10
Cs,0 0.08
CuO 0.40
Fe,04 12.47
K0 3.47
Li,O 440
MgO 1.36
MnO 2.05
Na,O 8.58
Na,SO, 0.10
NaCl 0.31
NiO 0.74
SiO, 49.61
ThO, 0.36:
TiO, 0.65
U304 0.53

An important unresolved issue is whether insoluble poisons actually could be separated from Pu-
239 (or U-235) through differential migration or colloidal transport. While there are no definitive
data, the work of Bates, et al., is very encouraging.” A glass similar to that in Table 1 was doped
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with 2 wt% Pu, and an equimolar amount of of gadolinium. Longer-term, high surface area, static
leach tests are being performed to provide source terms for glass performance under various
conditions. Although the data is only preliminary, it appears that the release of plutonium and
gadolinium to solution §s occurring congruently. The plutonium and gadolinium are apparently both
held in the leached layer on the glass surface, and are not involved in formation of any clay layer,
which could form colloidal material.!® If these observations are borne out by subsequent results, it
would provide important evidence that an insoluble neutron poison in the glass can be relied upon to
stay with the plutonium, and, hence, prevent a nuclear incident in the repository. Clearly,
additional work is needed to determine whether differential migration of plutonium and neutron
absorbers is likely, or even possible. ‘

LOW TEMPERATURE CESIUM — ACTINIDE GLASS

As noted above, another option for immobilization of actinides from nuclear weapons is to include
them in a glass which contains a high concentration of a gamma emitter. The high dose rate from Cs-
137, for example, would make it more difficult to process glass forms containing high concentrations
of actinides, and thus discourage diversion.

However, it is well-known that cesium readily volatilizes from glass melts. In order to retain it in
the glass, the melting temperature should be kept as low as possible. The melting temperature for
HLW glasses - 1150°C - represents a practical maximum for cesium retention. However, since the
current generation of HLW glasses have not been formulated to contain either actinides or cesium at
high concentrations, reformulation to contain both is being pursued. Since current HLW glasses are
formulated to tolerate the non-radioactive components (Fe, Al, and Na) which dominate HLW, a
new glass, which did not have to tolerate HLW, can be “tailored” to provide improved properties
(for example, enhanced durability).

Ellison has formulated an alkali-tin-silicate glass which appears to achieve both goals.” It contains
nearly 1 wt% Cs,0, and has been shown to be capable of dissolving up to 7 wt% PuO,. He used the
following strategy to design the glass in Table 2. In order to achieve low melt temperatures, the
glass must contain a significant alkali metal oxide concentration (including Cs,0). As noted above,
alkali also enhances the solubility of actinides in the melt.
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Table 2. Typical alkali-tin-silicate glass composition for plutonium immobilization.

Component Amount (wt%)
Al,04 2.6
B,0; 13.7
Cs,0 0.8
Gd,0; 3.5
K,0 5.9
Li,O 4.6
Na,O 104
SiO, 473
TiO, 23
Zr0, 6.0

Several studies have established that the corrosion of glass in a repository is highly dependent on
the concentration of silicate in the groundwater. The difference between the saturation
concentration and the actual concentration acts as a driving force for the dissolution process. The
saturation concentration of silicon in solution increases rapidly with increasing pH, for pH values
above 9. Glasses with large amounts of alkali tend to push the pH of aqueous solutions in contact
with them to high values. Thus, high alkali glasses tend to be non-durable.

In order to suppress the potential high pH due to the alkali metal content, boron is included in the
glass. Quadrivalent cations - Ti, Sn, and Zr - are also included in the'formulation, to tie up the alkali
in the glass. These +4 oxides also have positive free energies of hydration, and thus should render
the glass inherently more durable.!! Based on this reasoning, it is likely that plutonium itself also
would enhance the durability of the glass. The concentrations of elements such as aluminum and
calcium are minimized, because of the potential for secondary reactions which may precipitate
silicon, and thus reduce its concentration in solution. This would result in a large difference between
the solution concentration and the silicon saturation concentration, which would drive the reaction
betwen glass and water to procéed more rapidly.

The glass in Table 2 has been shown to have a solubility of about 7 wt% for Pu, higher than that of
HLW glasses. With further development, this is expected to go higher. Tests similar to those for
the plutonium-doped SRS HLW glass have also been performed for this glass. The results indicate
that this glass avoids formation of clay minerals usually found as corrosion products of HLW
glasses. Again, plutonium and the neutron absorber, gadolinium, are found to behave similarly.
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Thus, while short-term releases from the glass are slightly higher than those for the SRS HLW glass,
the evidence indicates that this glass may be more durable in the longer-term. Further work is
needed, however, before any definitive statement can be made.

The major unknown with this glass formulation is its processing behavior. While it appears to
readily form a glass at 1150°C, the viscosity and volatility of cesium are not known. These must be
determined before a process can be designed which employs this formulation.

INTERIM GLASS

As noted above, there may be significant cost advantages to begin immobilization of actinides as
soon as possible. SRS expects to begin immobilization of unneeded process solutions containing
americium and curium in about one year. A small high temperature “bushing” melter will be used to
produce the glass. This glass will then be sent to Oak Ridge National Laboratory to be stored until
needed as a raw material for production of more exotic isotopes, e.g., Cf-252. This can serve as a
model of what might be done with unneeded plutonium.

According to this scenario, the plutonium is mixed with a glass-forming frit, either as a solution or as
an oxide. This material is then melted, and poured into small ( approximately 10 cm diameter x 40
‘cm high) canisters, for interim storage. At a later date, the plutonium could either be recovered (for
example, to be made into a mixed oxide fuel), or included in a canister of HLW glass. A test is
underway to demonstrate the feasibility of the latter process.

The glass type which is being used for development of this concept is based on the commercial
“Loffler” glasses.!? These optical glasses typically contain up to 55 wt% rare earth oxides. Their
solubilities for plutonium should also be high, because the chemistry of the actinides and the rare
earth oxides often are similar. The boron and the barium provide the “flux” which allows these
glasses to be melted. PbO is known to form adherent surface layers during glass leaching, and thus
should enhance glass durability.

A typical glassformer (frit) composition is shown in Table 3. Notice that these glasses have almost
no alkali content. Thus, reaction of the glass with water generally produces near-neutral pH values.
As a result, the saturation concentration of silicon in solution is lower than for typical HLW glasses
(e.g., that in Table 1). This implies that these Loffler glasses should be more durable than typical
HLW glasses. This is, in fact, observed. A Loffler glass containing 13 wt% Pu was 25 times more
durable than the glass in Table 1 using the Product Consistency Test. In these tests, it was also
observed that the Sm and Pu were released congruently to solution.’* This further supports the
earlier observations about the likelihood of insoluble neutron poisons remaining with plutonium.
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Table 3. Typical Léffler glass composition for plutonium immobilization.

Component Amount (wt%)
ALO; 11.1
B,0; 6.1
BaO 3.6
La,04 9.4
PbO 15.1
Si0, 35.0
Sm,0; 19.7

Solubilities of actinides in this type of glass are currently being determined. Up to 20 wt% ThO, or
U0, can be dissolved in this glass. Melts have been formed containing up to 2 wt% of a mixture of
americium and curium, with no evidence that a solubility limit was reached. Up to 15 wt%
plutonium has been dissolved into a composition similar to that in Table 3.

For both plutonium and thorium, the apparent solubility when the actinide nitrate is used as the
starting material is greater than when the oxide is used. At this time, it is not clear whether this
effect is due to the oxidation state of the glass melt, or to the slow kinetics of dissolution of the
oxide. Tests are underway to determine the cause.

This family of glasses shows great promise for immobilization of actinides. However, long-term
glass / water interaction testing is needed, to develop a better understanding of how these glasses
will behave during geologic disposal.

SUMMARY AND PATH FORWARD

From the preceding, it is clear that the solubility of actinide elements in glass varies widely, and
depends on both the actinide and the type of glass. Plutonium solubilities are in the 2 - 4 wt% range
for borosilicate high-level waste glasses of the type which will be produced in the U.S. This type of
glass is generally melted at relatively low temperatures, ca. 1150°C. For this melting temperature,
the glass can be reformulated to achieve plutonium solubilities of at least 7 wt%. This low melting
temperature is desirable if one must retain volatile cesium-137 in the glass. Plutonium
concentrations of at least 15 wt% have been achieved in Loffler glasses, which are melted at high
temperatures. Thus, there is confidence that high (=5 wt%) concentrations of actinides can be
achieved under a variety of conditions.

For each of the types of glasses discussed here, further work is needed. If actinide contents in
excess of 5 wt% are needed, and a decision is made to use an existing HLW vitrification facility, then
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reformulation of the glass will be necessary. While it appears that there is a family of glasses (the
alkali-tin-silicates) which is compatible with existing HLLW processing equipment, important
processing characteristics of this family of glasses must be determined. The high temperature
Loffler glasses have high solubilities for the actinides, but their production is as yet undemonstrated.
Use of a “bushing” melter with its long commercial history for production of this glass reduces the
degree of technical risk. The campaign to immobilize americium and curium at SRS should eliminate
any questions about the viability of this approach.

For all of the glasses, work currently underway is providing important evidence that inclusion of
rare earth oxides (e.g., gadolinium or samarium) in the glass formulation may provide the means to
eliminate concerns about nuclear criticality in the repository setting. These species, which are
insoluble in water, apparently behave similarly to plutonium, and appear to stay with plutonium
during interaction of the glass with water. While further testing is needed, these preliminary results
are very encouraging.
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