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Opening Address
Shinzo Saito
Executive Director,
Director General of Tokai Research Establishment,
JAERI

Good morning ladies and gentlemen.
On behalf of the Japan Atomic Energy Research Institute, JAERI, I am
very pleased to welcome all of you to see the second NUCEF international
symposium organized by JAERI. I hear that we have about 280 attendance
from universities, research organizations, industries in Japan, including 45
participants from 14 over sea countries and 2 international organizations in
this symposium. It is great honor for us to have so big symposium.
In this symposium, we will discuss the present status of research activities
on nuclear fuel cycle, subtitled 'Safety Research and Development of Base
Technology on Nuclear Fuel Cycle'. In this sense, I believe that the NUCEF
international symposium provide good opportunities for the experts to
exchange information in this fields.
I think you could remember that the first symposium held in this place in
Oct. 1995, took an opportunity of the start of hot operation on the NUCEF.
After the first NUCEF symposium, three years have passed. Meanwhile,
TRACY, transient experiment critical facility, initiated transient experiment
in 1996 and NUCEF has produced a lot of valuable data covering criticality
safety, reprocessing, partitioning of nuclides, and radioactive waste
treatment and disposal. These results will be presented in this symposium.
In the third global climate change framework treaty conference, COP3 held
in Kyoto last year, Japan committed to reduce its emission of greenhouses
gases, specially carbon dioxide by 6% to 2010 compared to 1990 levels. In
order to attain the goal, government decided to build another 20 nuclear
power plants by 2010 for the contribution to carbon dioxide emission
reduction by nuclear sector. Although 51 nuclear plants are currently in
operation and produce 34 % of total electricity or 15 % of all primary energy
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in Japan. Besides, we are lack of energy resource, uranium resource as well,
then nuclear fuel recycling is our policy. It is not foreseen, when FBR will
become commercial. In these circumstance, plutonium utilization at light
water reactors, plutonium thermal, is essential and it will be initiated in
next year in Japan, although it took a time to come to an understanding with
local government. In this context, fuel reprocessing is very important to
Japan, and safety research and improvement of reprocessing, development of
radioactive waste management as well, are key issue to research scientists
and engineers in this field, and I believe that NUCEF plays an important
role for these researches.
I sincerely hope that this symposium will be very fruitful and successful,
and lively exchange of information through this symposium will contribute
to the future research in the field of nuclear fuel cycle.
I also hope that your stay in Japan will be very pleasant and you will enjoy
colorful season in Japan.
Thank you very much for your kind attention.
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Plenary Session

Chair
S.Fujine (JAERI, Japan)
KNishina (Aichi Shukutoku University, Japan)
S.Mats umoto (Saitama University, Japan)
KHigashi (Kyoto University, Japan)
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Research in JAERI on the Backend of Nuclear Fuel Cycle

Mitsuru MAEDA, Isao TAKESHITA
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195 Japan

1 INTRODUCTION
Japan's policy of the backend of nuclear fuel cycle is to reprocess spent fuels and
recycle recovered plutonium and uranium, under the principle of no surplus plutonium.
High-level radioactive waste separated during reprocessing will be disposed of after
solidification in vitrified form, followed by the storage for 30 to 50 years and finally by
ultimate disposal in a deep geological formation. The spent fuel exceeding the available
reprocessing capacity will be managed as potential energy resources, until being
reprocessed (Fig.l).
The above policy is not essentially changed since the last NUCEF international
symposium, NUCEF95. The national and international circumstances, however, is now
more mobile, with such opportunities of PNC incidents, French decision of permanent
closure of Super-phoenix, IAEA policy to strengthen safeguards and so force.
New movements are shown in such recent topics as the rebirth of PNC as Japan
Nuclear Cycle Development Institute(JNC), positive reactions in some local sites against
MOX fueling into LWR, test acceptance of spent fuel to Rokkasho plant, publication of
the joint report on interim AFR storage of spent fuel by MITI, STA and utilities, and of
the report on treatment and disposal of radioisotope and research wastes by Atomic
Energy Commission of Japan(AECJ).
2 THE ROLE OF JAERI
In these circumstances, the role of JAERI and the effective utilization of NUCEF
would be more important. The current status of JAERI's research on backend cycle is
reviewed together with the future research direction with emphases on NUCEF
utilization.
The role of JAERI in the backend cycle in Japan is to conduct safety research and
fundamental research as formulated in the current "Long-term Program for Research and
Development and Utilization of Nuclear Energy" which prepared by AECJ in 1995. This
program will be revised in a few years but the JAERI's role in the backend research
would not be essentially changed.
According to the definition, JAERI has conducted the backend research in the
following areas; safety research for current or near future technology, fundamental
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research for long-term future technology options, and supporting research for nuclear
material control. NUCEF is expected to provide the base for these research, especially
for hot experiments using plutonium, minor actinides and spent fuel.
Major objectives of safety research is to develop safety criteria and establish
technical bases for licensing, to improve the safety of current or near future technology
and to clarify the safety margin of licensed technology. Along this, research have been
conducted on criticality safety to develop database and improve assessment methodology,
radio-nuclide confinement in Purex process under normal and accidental conditions,
radioactive waste disposal to develop safety assessment methodology and database.
(Figs 2 and 3)
The present goal of fundamental research is to show or clarify the chemical or
scientific feasibility of advanced system such as for recycling minor actinides or for
incinerating long-lived nuclides. Various research have been conducted such as on
partitioning of HLLW, transmutation of transuranics with accelerator, advanced nuclear
fuel cycle based on nitride fuel and pyrochemical process (Fig.4) , extraction of actinides
in super critical fluid medium and so on.
Supporting research for nuclear material control is conducted mainly for
international contribution to strengthened safeguards by IAEA and to frame working of
international monitoring system for CTBT. Major research targets are the development of
isotope analysis technology of femto-grams of uranium and plutonium in the
environmental sample and the development of remote and automatic measurement
technology of fissioned or activated products (Fig. 5 and 6).
Fundamental requirements in directing future research in JAERI would be
prioritization in safety research, innovation in fundamental research and timeliness in
nuclear material control research.
One of the key words in prioritizing safety research will be plutonium or MOX.
Examples of important research would be criticality experiment with plutonium fuel,
process safety confirmation in applying Purex process to MOX fuel reprocessing and
development of safety criteria for implementing enhanced burnup credit method into
future backend activities including interim storage of spent MOX fuel. Another key word
will be radioisotope and research wastes. Efforts will be focussed on the realization of
the disposal and the results will contribute to the promotion of disposal of various fuelcycle wastes (Fig. 7).
Extended mile stone of FBR implementation will broaden the scope of future
technology options in fundamental research. In selecting candidate technology, best
considerations must be paid to the system features of reactor, recycle steps, waste
management from the view point of safety, economy and proliferation resistance.
JAERI's fundamental research described above are presently in a scouting stage of
scientifically feasible options. Evaluation must be made in future in the scope of
technology transfer to JNC at an appropriate R&D stage.
Research for nuclear material control is expected to contribute timely to
international needs. The priority would be considered in the view of urgency as well as
development need requiring JAERI's challenge. Development of advanced ultra analysis
-
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in clean chemistry laboratory and remote monitoring and data transport method will be
highly prioritized, as well as development of strategy or philosophy for effective
safeguardings.

3 RESEARCH AT THE NUCEF
NUCEF is a key facility in the above research as COE for the backend research. It
is important to revise periodically the NUCEF research program and to improve the
facility function for the maximum utilization of NUCEF (Figs 8 and 9).
The plutonium treatment facility is under construction aiming at the introduction of
MOX fuel from JNC next year and at the initiation of the dissolution after two years for
preparing plutonium solution fuel for criticality experiment (Fig. 10). The TRU
Geochemical Chamber, an atmosphere-controlling glove box system is constructed for
the study of geochemical behavior of transuranium elements for geological disposal of
radioactive waste. An atmosphere-controlling steel cell is also under conceptual design
for initiating pyrochemistry of minor actinides including americium (Fig. 11). A process
study is initiated to recover hundred grams of americium from the raffinate in the
plutonium treatment facility. A comprehensive program for the management of TRUcontaminated wastes is also under making.
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toJNC
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Fig. 1 Prospect of Spent Fuel Management in Japan

STACY (Static Experiment Critical Facility)
Research on criticality of fuel solution system
•Benchmark experiment data
-Low enriched uranyl nitrate solution
-Uranium and plutonium nitrate solution
•Reflector and neutron absorber effect
-Extractor, Dissolver, Fuel storage tank

TRACY (Transient Experiment Critical Facility")
Research on source term at criticality accident
• Neutronic and thermo-hydrodynamic behavi
-Power, Pressure, Gas void effect, FP releas
-Reactivity feedback mechanism
• Gamma and neutron radiation distribution

Fig. 2

Criticality Safety Research
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[ Waste Type ]
- Cycle Wastes
(High Level Waste, TRU Waste, Uranium Waste)
- RI / Research Institute Waste
[ Research & Development ]
1. Investigation and Confirmation
of Waste Form
2. Performance Assessment of
Engineered and Natural Barrier

NUCEF,
WASTEF

Safety
Regulation

3. Development of Safety
Assessment Methodology

Fig. 3 Research and Development of Radioactive Waste Management

- 11 -

JAERI-Conf

99-004

Flexibility :
Wider range of actinides in a single
matrix

DENSE FUEL CYCLE
Actinide mononitrides (MN) reprocessed
by a molten-salt electro-refining technique.

Economy and environmental safety
Better handling of TRU (Np, Am, Cm).
Double-strata concept:
TRU confined in the second stratum.

1 st stratum
Commercial Fuel Cycle
(MOX/PUREX)

2nd stratum
Transmutation

HLW / Partitioning

BURNER
!
Electrorefining
I
Actinide Metals

Actinide Nitrates

15

MN

Gelation
N
Carbothermic syntheses

Liq. metal
nitridation

FP:
disposal
Fig. 4

Advanced Nuclear Fuel Cycle Based on Nitride Fuel and
Pyrochemical Processing
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•The 93+2 program of IAEA

4
• Introduction of environmental
sample analysis

O Development of ultra-micro
analytical techniques

Clean Chemistry Laboratory
O Use for IAEA network of
analytical laboratory
O Application to the research on
environmental science

Clean room :Class 100
About 700 m

Fig. 5 Development of Analytical Techniques for Ultra Trace Amounts of
Nuclear Materials in Environmental Samples for Safeguards

Safeguards environmental samples
[Vegetation, Soil,
1 Water etc.

Screening

[ Bulk analysis ]

[ Particle analysis ]
Recovery of particles

Pre-treatment

Sample preparation

Purification

12

[~lQ- g/m\j

ICP-MS

[ Swipes etc. J

Radiometric
measurement

TIMS

^/~io-15g
Less than
few u m d
SIMS

Fig. 6 Development of Analytical Techniques for Ultra Trace Amounts
of Nuclear Materials in Environmental Samples for Safeguards
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Introduction
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Resistance^
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Fig. 7 Future Direction of Backend Research
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Criticality Safety
STACY
- Reflector effect evaluation of 280T slab core tank (10% EU Soln.)
- Fundamental experiments of 800 0 cylindrical core tank
TRACY
- Transient operation with 3$ excess reactivity added
- Start of experiment for confinement demonstration of fission products
- Experiments for clarification of reactivity feedback mechanism and
release behavior test of aerosol radioactive nuclide

Fuel Reprocessing and Partitioning
Reprocessing experiment
- Loading spent fuel of LWR (8,000 MWd/t) into the alpha-gamma cell
- Acquirement of behavior data of the nuclides by dissolution/extraction
tests

Partitioning experiment
- After using small amount of actual liquid waste, test with
HLLW (3.7x10' 'Bq) from the reprocessing tests are started
- The 4 group partitioning demonstration tests with actual HLLW
are carried out

Fig. 8

Summary of Research Progress in NUCEF( 1)
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TRU Waste Management
Study on new ceramic waste form
- Performance tests with yttria-stabilized-zirconia ceramic form containing
237-Np
Evaluation of natural barrier
- Clarification of adsorption mechanism of 237-Np, 238-Pu and 241-Am by
adsorption column tests with several kinds of soil
Quality measurement of TRU waste form
- Development of active and passive neutron assay using simulated waste
form

TRU Chemistry
Characterization of spent fuels
- Development of high accurate analysis of TRU and FP using small
amount of sample

Fig. 9

Summary of Research Progress in NUCEF(2)
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Objective
- Dissolution of MOX Fuel Powder
Specification
- Capacity : 2.5 kgMOX/batch
- Construction material : Titanium
- Electric current: 100 A
- Dissolution reagent: 0.05 MAg, 4 MHNO3
- Dissolution temperature : 30 °C
- Dissolution time : 5 hours
Application
- Recovery of MOX fuel scraps
in MOX fabrication plant
- Decomposition of organic wastes
- Decontamimation of alpha bearing
solid wastes

Circulation Pot,
Stirrer

Electrolysis Pot

Powder feeding Pot

MOX Dissolver

Fig. 10

Silver Mediated Electrolytic Dissolver of MOX Fuel
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Purification of Am-241

Purpose
• High temperature properties
of TRU fuels
• Pyrochemistry and electrochemistry of TRU chlorideoxide, nitride system

MOX for criticality experiments
PUREX separation

Pu and U

Aqueous waste containing Am
Adsorption & Calcination
Am Oxide

Argon Gas Purifier

X-ray Diffraction

Glove Box

T

Thermal "
Analysis I

Electro refinin
g

T
1

Storage

Steel Cells

Capacity
Am-241
10 g
0.2 g
Am-243
Cm-244 0.01 g
Np-237
10 g

Fig. 11 Atmosphere-controlling Steel Cell for Pyrochemistry of
Minor Actinides
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NUCLEAR CRITICALITY PREDICTABILITY
J. Blair Briggs
Idaho National Engineering and Environmental Laboratory
Lockheed Martin Idaho Technologies Company
2525 N Freemont
Idaho Falls, ID 83415-3890

Introduction
It is an honor to speak at the second NUCEF International Symposium, NUCEF'98. I have
been asked to address the topic of criticality safety.
Criticality safety has been a concern since the beginning of the nuclear industry. Initially,
most nonprocedural criticality safety issues were addressed through experimentation. Later,
computers made it possible to make predictions of criticality through analytic calculations. In
the middle to late 1960's, two code systems that would become major "Work Horses" in the
industry for at least the next four decades, MONK and KENO, were made available to the
criticality safety community. Through the use of Monte Carlo techniques, these codes
enabled criticality safety practitioners to accurately model and evaluate complex threedimensional systems.
Closely tied to code development was the need for basic nuclear data that describe neutron
interactions with various materials. Efforts were undertaken to evaluate and describe neutron
interactions with matter. Similar code development and nuclear data evaluation efforts were
undertaken in other counties.
While the authors of these code systems recognized, from the start, the importance of
comparing calculational results with experimental data, many criticality safety practitioners
paid little attention to such detail. As an example, I quote from the validation section of one
of my early criticality safety evaluations:
"A validation of the KENO code for criticality calculations is given in
References 3 and 4."
That was it. Both of the references cited are early reports by Richard Handley and Calvin
Hopper of Oak Ridge National Laboratory. Schedule and budget constraints often forced
criticality safety experts to limit the amount of effort spent validating their work. In my case,
I just hadn't caught the vision of what it meant to validate my work.
As the importance of validating calculational techniques and data became more widely
recognized, criticality safety organizations, worldwide, began to require comparison of
calculational techniques with experimental data. Today, a viable nuclear criticality
predictability program must address four key elements:
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(1) On going critical experiments,
(2) Development and maintenance of calculational methods,
(3) Evaluation and improvement of basic nuclear data, and
(4) Systematic evaluation and documentation of existing and newly generated
experimental data.
I plan to discuss each of these areas; however, because of my background the focus of my
remarks will be predominantly directed toward Area 1, "On Going Critical Experiments" and
Area 4, "Systematic Evaluation And Documentation Of Existing And Newly Generated
Experimental Data".

On Going Critical Experiments
The importance of maintaining the capability to perform new criticality benchmark
experiments should be obvious. However, during the 1980s the United States let their
experimental capabilities in this area deteriorate to almost extinction. In March 1993, the
Defense Nuclear Facility Safety Board (DNFSB) issued Recommendation 93-2. The
recommendations were that:
1.

The Department of Energy (DOE) should retain its program of general-purpose
critical experiments.

2.

This program should normally be directed along lines satisfying the objectives of
improving the information base underlying prediction of criticality, and serving in
education of the community of criticality engineers.

3.

The results and resources of the criticality program should be used in ongoing
departmental programs where nuclear criticality would be an important concern.

At the time this recommendation was issued, only one critical facility, the Los Alamos
Critical Experiments Facility (LACEF) remained in operation in the US and its existence was
being threatened. Since DNFSB Recommendation 93-2 was issued, the future of LACEF has
stabilized considerably; however, funding levels for new experiments remain low and many
resources are exhausted in overcoming regulatory obstacles. In spite of these obstacles,
future experiments are planned at LACEF. Japan, France, the Russian Federation, Hungry,
Belgium, Slovenia, and probably others of which I am not aware also have ongoing
experimental programs that are contributing significantly to the safe handing of special
nuclear materials.
Much data is currently available; however, due to changing priorities in many countries there
remain many gaps in our nuclear criticality database. For example, three major areas in
which there is a need for benchmark critical data are: (1) burnup credit in spent nuclear fuels,
(2) mixed plutonium and uranium systems, and (3) waste management efforts. Significant
savings in transportation and storage costs can be realized by taking credit for bumup in spent
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nuclear fuels, many countries are turning toward a MOX fuel cycle for light-water reactors,
and of course nuclear waste is a lingering problem that plagues all countries with nuclear
power capabilities. Currently, there are programs that are either planned or in progress for
the first two of these areas while little is being done to deal with the predictability issues
associated with fissile contaminated waste.
Fissile material in waste is frequently encountered in decontamination and decommissioning
efforts, process sludge and settling tanks, in situ vitrification, and waste remediation efforts
(including waste storage, retrieval, characterization, volume reduction, and stabilization).
Even though criticality scenarios in most waste systems can be shown to be highly unlikely
or incredible, it is always necessary to establish at what fissile material concentration
criticality becomes a concern. Only when this information is known, is it possible to
establish the likelihood of actually achieving such concentrations. It is therefore important
that criticality safety analysts have confidence in the accuracy of their calculations.
Confidence in analytical results can only be gained through comparison of calculated results
with experimental data. There are little or no experimental data available for most typically
encountered waste matrix materials and discrepant calculational results are often obtained by
merely changing the cross section data set.
The safety envelope for many waste related operations can be effectively defined by
characterizing the waste matrices by major "non-poison" components. By neglecting
impurities, the inclusion of which almost always results in a decrease in reactivity,
conservative representations of waste matrices can be obtained. This approach has been used
at the INEEL.
Some of the more predominant waste matrix materials of interest are:
M2O3

CaCl
CaO
Cellulose
Concrete
Fe2O3

Graphite
Metals (Al,Fe,Zr)
MgO
NaCl
Polyethylene
SiO2

With the exception of NaCl, CaCl and Fe2C>3 the above materials are among the more reactive
materials that are present in waste. The limiting critical fissile concentration in most of these
materials is less than the limiting critical concentration in some of the more traditional and
well-known materials, water and polyethylene. Calculated limiting critical concentration
values for some of these materials are:
MATRIX
MATERIAL
A12O3

LIMITING
CRITICAL CONCENTRATION
fg Pu/liter matrix material)

2.7
—
2.5
3.9
0.1
6.5
1.0
1.0

CaO
Cellulose
Concrete
Graphite
Metals (Al)
MgO
SiO 2
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The limiting critical concentrations in water and polyethylene are about 7.5 and 8.3 g Pu/liter,
respectively.
Using neutronics codes such as KENO, MCNP, and ONEDANT and cross section data
(Hansen-Roach, ENDF/B-IV, ENDF/B-V) that are typically used for criticality safety
analyses in the US, relatively large differences have been obtained by simply changing cross
section data sets. These differences are often of the order of 2% to 3 % and, in some cases,
are as large as 10% in calculated kefr values for systems that contain significant quantities of
these materials. It is not possible to conclusively resolve these differences with additional
code/cross-section inter-comparison. In order to demonstrate the safety of waste streams
containing large quantities of these materials, experimental results to compare with
calculational results are needed to resolve discrepancies and to establish realistic biases.
The INEEL is currently working to fund waste matrix experiments on the BFS facilities at the
Institute of Physics and Power Engineering in Obninsk, Russia and / or the Comet and Planet
machines at the Los Alamos Critical Experiments Facility at Los Alamos National
Laboratory. The initial focus of these experiments is on large silicon dioxide systems
containing dilute plutonium or highly enriched uranium. Silicon dioxide is one of the more
predominate materials found in waste systems and is also one of the more reactive waste
matrix materials in large, dilute plutonium or uranium systems.

Development and Maintenance of Calculational Methods
Today, neutronics codes are indispensable to criticality safety practitioners as they evaluate
the safety of numerous types of nuclear operations. Accident scenarios are postulated and
analyzed in great detail in order to establish safe operating limits for each different process.
The purpose of these limits is to reduce the risk of a criticality accident to an acceptable level,
a level that continues to grow increasingly small.
Criticality safety codes now incorporate complex geometry packages, numerical techniques,
user interfaces, and ancillary codes that are used for cross section data processing and
manipulation. The demands on these codes continue to increase and techniques continue to
improve. It is essential that these safety "work horses" keep up with our understanding of
neutron physics and continue to become more user friendly and error-proof. It is even more
important that there are always code developers available who understand the internal
workings of these codes who can respond quickly and accurately to user needs and questions
and resolve problems that continue to be identified. The only way to maintain this capability
is to support code development.

Evaluation and Improvement of Basic Nuclear Data
Accurate nuclear data is also an essential ingredient to nuclear criticality predictability.
Without accurate data, codes have very little worth. Data must be measured, evaluated, put
into a standard format, tested, then processed into the working format required by each
application. Uncertainty files must be generated as part of the evaluation process in order to
assess the uncertainty in calculated parameters.
-
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Systematic Evaluation and Documentation of Existing and Newly Generated
Experimental Data
History
Since the beginning of the nuclear industry, thousands of critical experiments have been
performed. Many of these critical experiments can be used as benchmarks for validation of
calculational techniques. However, many were performed without a high degree of quality
assurance and were not well documented.
For years, common validation practice included the tedious process of researching criticalexperiment data scattered throughout journals, transactions, reports, and, occasionally, log
books. This process was repeated over and over at non-reactor nuclear facilities throughout
the world in order to ensure that calculated criticality safety margins were accurate.
The Criticality Safety Benchmark Evaluation Project (CSBEP) was initiated in October of
1992 by Dae Chung, Director of the US Department of Energy Defense Programs Systems
Engineering Division. The project was managed through the Idaho National Engineering and
Environmental Laboratory (INEEL), but involved nationally known criticality safety experts
from Los Alamos National Laboratory, Lawrence Livermore National Laboratory, Savannah
River Technology Center, Oak Ridge National Laboratory and the Y-12 Plant, Hanford,
Argonne National Laboratory, and the Rocky Flats Plant.
An International Criticality Safety Data Exchange component was added to the project during
1994 and the project became what is currently known as the International Criticality Safety
Benchmark Evaluation Project (ICSBEP). Representatives from the United Kingdom,
France, Japan, the Russian Federation, Hungary, Korea and Slovenia are now participating on
the project and others, such as Canada, Israel, Sweden, and Germany, have expressed an
interest in the project. In December of 1994, the ICSBEP became an official activity of the
Organization for Economic Cooperation and Development - Nuclear Energy Agency's (OECDNEA) Nuclear Science Committee. The United States currently remains the lead country,
providing most of the administrative support.
Purpose
The ICSBEP was designed to:
1.

Identify and evaluate a comprehensive set of critical-experiment benchmark data.

2.

Verify the data, to the extent possible, by reviewing original and subsequently revised
documentation, and by talking with the experimenters or individuals who are familiar
with the experimenters or the experimental facility.

3.

Compile the data into a standardized format.

4.

Perform calculations of each experiment with standard criticality safety codes.

5.

Formally document the work into a single source of verified benchmark critical data.

-
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"International Handbook of Evaluated Criticality Safety Benchmark Experiments "
Documentation of the work performed by the ICSBEP appears in the "International Handbook
of Evaluated Criticality Safety Benchmark Experiments". At the present time, the handbook
spans seven volumes:
I.
II.
III.
IV.
V.
VI.
VII.

Plutonium Systems
Highly Enriched Uranium Systems
Intermediate and Mixed Enrichment Uranium Systems
Low Enriched Uranium Systems
Uranium-233 Systems
Mixed Plutonium-Uranium Systems
Special Isotope Systems

The "International Handbook of Evaluated Criticality Safety Benchmark Experiments" was first
published in March of 1995. At that time, it contained 46 evaluations with benchmark
specifications for 376 critical or near critical configurations. Additionally, 101 other
experimental configurations were reviewed, but were found unacceptable for use as criticality
safety benchmark experiments. Unacceptable experiments are discussed in the evaluations;
however, benchmark specifications are not derived for such experiments.
Additions and revisions to the handbook were published in August of 1996 and September of
1997 and 1998. The 1995 and 1996 Versions of the handbook were published in both hardcopy
and on CD-ROM; however, because of the increasing cost of the hardcopy publication, the 1997
and 1998 Versions were published only on CD-ROM and on the Internet.
The 1998 Version1 of the Handbook contains 229 evaluations with benchmark specifications
for nearly 1700 critical or near critical configurations. Approximately 300 additional
experimental configurations are evaluated, but are categorized as unacceptable for use as
criticality safety benchmark experiments.
Of the 229 evaluations in the handbook, 108 come from the Russian Federation, 95 from the
United States, 5 from France, 5 from the United Kingdom, 4 from Japan, 2 from the Republic
of Korea, and 1 from Hungary. There are also 5 joint U.S. / French evaluations and 4 joint
US / Russian evaluations included in the handbook.
Included in the 1998 Version of the Handbook are:
•

A total of 60 evaluations of Plutonium Systems in Volume I. These evaluations are
comprised of 38 fast metal systems and 22 solution systems.

•

A total of 88 evaluations of Highly Enriched Uranium Systems in Volume H These
evaluations are comprised of 44 metal systems (42 fast - 2 thermal), 35 solution systems,
and 15 compound (2 intermediate - 13 thermal) systems.

•

A total of 12 evaluations of Intermediate and Mixed Enrichment Uranium Systems in
Volume III. These evaluations are comprised of 9 fast metal systems, 1 solution system, and
2 thermal compound system.

-
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•

A total of 31 evaluations of Low Enriched Uranium Systems in Volume IV. These
evaluations are comprised of 6 solution systems and 25 thermal compound systems.

•

A total of 9 evaluations Uranium-233 Systems in Volume V. These evaluations are
comprised of 6 fast metal systems and 3 solution systems.

•

A total of 19 evaluations of Mixed Plutonium-Uranium Systems in Volume VI. These
evaluations are comprised of 10 fast metal systems, 5 solution systems, and 4 thermal
compound systems.

•

A total of 4 evaluations of Special Isotope Systems in Volume VII, all of which are for metal
systems.

Evaluations of metal systems generally include only a single configuration while evaluations of
solution and compound systems more typically include several configurations. Most metal or
solution systems include only a single fissile unit while compound systems tend to be fuel rod
lattices.
The distinguishing characteristic of the numerous metal experiments is typically the
composition of the reflector material. Evaluated reflector materials include water, tungsten,
copper, thorium, steel, aluminum, normal and depleted uranium, nickel, beryllium, beryllium
oxide, graphite, polyethylene, and paraffin.
As part of the evaluation process, an attempt is made to identify and quantify uncertainties in
experimental data. When these uncertainties are not documented by the experimenter,
engineering judgment is required in order to develop a reasonable estimate of the uncertainty.
Calculations are then performed to determine the sensitivity of the calculated keff value to the
uncertainty in each measured parameter. Efforts are also made to determine biases that are
introduced as a result of modeling simplifications.

Range of Applicability
Recently, the INEEL has contracted with scientists at the Institute of Physics and Power
Engineering (IPPE) in Obninsk, Russia to recalculate every configuration in the "International
Handbook of Evaluated Criticality Safety Benchmark Experiments" and collect the spectral
characteristics of each experiment. These data will begin to appear in the 1999 version of the
Handbook. Included in these data will be the energy corresponding to the average neutron
lethargy causing fission; the average neutron energy causing fission; the percentage of the
flux, fissions, and captures that occur in the fast (Energy >100keV), intermediate
(0.625eV< Energy <100keV), and thermal (Energy <0.625eV) energy ranges; the percentage
of fissions and captures by isotope over the core region, and the average fission neutrons
produced per neutron absorbed in the fuel, (vSf/Sa). A plot of the neutron spectrum will also
be provided for bounding cases in each evaluation. These data will enable criticality safety
practitioners to more clearly understand the range of applicability for each configuration in
the handbook.
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Quality Assurance
The "International Handbook of Evaluated Criticality Safety Benchmark Experiments" is
recognized, at least within the United States criticality safety community, as the most
extensively peer reviewed source of Criticality Safety benchmark data available. Each
experiment evaluation included in the handbook has undergone a thorough peer review process
beginning with an internal review by the evaluator's organization. The responsibilities of the
internal reviewer are to verify:
1.

The accuracy of the descriptive information given in the evaluation (Section 1.0) by
comparison with original documentation (published and unpublished).

2.

That the benchmark specification (Section 3.0) can be derived from the descriptive
information (Section 1.0) given in the evaluation.

3.

The completeness of the benchmark specification (Section 3.0).

4.

The results (Section 4.0) and conclusions (Section 2.0).

5.

Adherence to format.

In addition, each experiment has undergone an independent peer review by another working
group member at a different institute or facility. Starting with the evaluatofs submittal in the
appropriate format, the independent peer reviewer verifies:
1.

That the benchmark specification (Section 3.0) can be derived from the descriptive
information (Section 1.0) given in the evaluation.

2.

The completeness of the benchmark specification (Section 3.0).

3.

The results (Section 4.0) and conclusions (Section 2.0).

4.

Adherence to format.

A third review by the Working Group verifies that the benchmark specification and the
conclusions were adequately supported.

Conclusions
Over 150 scientists from around the world have combined their efforts to produce the
"International Handbook of Evaluated Criticality Safety Benchmark Experiments". As a
result of these efforts, a large portion of the tedious and redundant research and processing of
critical experiment data has been eliminated. The necessary step in criticality safety analyses
of validating computer codes with benchmark critical data is greatly streamlined, and
valuable criticality safety experimental data is preserved. Criticality safety personnel in 31
different countries are now using the "International Handbook of Evaluated Criticality Safety
Benchmark Experiments".
-
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Much has been accomplished by the work of the ICSBEP. However, evaluation and
documentation represents only one element of a successful Nuclear Criticality Safety
Predictability Program and this element only exists as a separate entity, because this work
was not completed in conjunction with the experimentation process. I believe; however, that
the work of the ICSBEP has also served to unify the other elements of nuclear criticality
predictability. All elements are interrelated, but for a time it seemed that communications
between these elements was not adequate. The ICSBEP has highlighted gaps in data, has
retrieved lost data, has helped to identify errors in cross section processing codes, and has
helped bring the international criticality safety community together in a common cause as
true friends and colleagues. It has been a privilege to associate with those who work so
diligently to make the project a success.
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Introduction
A wide variety of high-level and long-lived radionudides with lifetimes extending over
hundreds or thousands of years (Figure 1) are formed in the fuel of nuclear power
reactors. In order to compile substantiated scientific knowledge and to provide a
decisional basis for dealing with these radionuclides, the French law enacted on
December31, 1991, stipulated a fifteen-year R& D program on high-level and longlived radioactive waste management (Figure 2), covering three major areas of research:
Area 1:

Investigate partitioning and transmutation options for the long-lived radionuclides contained in high-level waste.

Area 2:

Examine possibilities for reversible or irreversible disposal in deep geological
formations, notably through the construction of underground laboratories.

Area 3:

Investigate high-level waste conditioning and long-term interim storage
processes.

This approach is intended to provide a wide range of scientific and technical solutions
that may be combined into open and flexible strategies for the back end of the fuel
cycle. The Research and Development work is to be progressively consolidated through
successive steps during which its scientific, technical and industrial feasibility will be
assessed.
The French government ministries responsible for the program designated the National
Radioactive Waste Management Agency (ANDRA) for the leading role in Area 2, and the
Commissariat a I'Energie Atomique (CEA) for Areas 1 and 3.
A concerted effort has been undertaken among the parties involved under the terms of
the law within the scope of cooperative R & D structures (partnership agreements
between the CEA, EDF, FRAMATOME, COCEMA, ANDRA, etc.) and by joint research
groups with the participation of ANDRA, the CEA, the CNRS, EDF and French universities: these include PRACTIS (chemical separation), GEDEON (transmutation and hybrid
systems), FORPRO (geosciences and disposal) and NOMADE (new conditioning
matrices).
The CEA is actively developing cooperation programs with other French research
organizations, notably the CNRS and the universities, including the creation of joint
laboratories.
The CEA also seeks to continue and strengthen its international cooperation programs in
these scientific fields, notably with other European countries, the United States, the
Russian Federation and with Japan, including JAERI, JNC, CRIEPI, and Japanese
universities.
The main scientific and technical themes of Areas 1 and 3 addressed under the leadership of the CEA are described in this paper.
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Research Area 1
Enhanced Partitioning
Research on enhanced partitioning provides a common basis for more specific long-lived
radionuclide management techniques.
The PUREX process used industrially at La Hague could be modified to separate
neptunium, iodine and technetium. Specific partitioning of americium, curium or
cesium, however, would require the development of a different separation chemistry
using new and highly selective molecules. Figure 3 shows the reference scheme for these
studies, with the elementary steps that should lead to partitioning of the desired
elements.
Research is well advanced on the DIAMEX processes for coextraction of the actinides
and lanthanides, and for selective extraction of cesium by calixarenes. Suitable
molecules have been designed, synthesized and characterized, and the scientific
feasibility has been demonstrated by laboratory-scale hot-cell tests on actual fission
product solutions. These processes have now reached the active development stage.
The SANEX concept of separating the elements from the actinide and lanthanide groups
is still at the exploratory level. A variety of molecular architectures are now being tested,
notably in the ATALANTE laboratories at Marcoule, in a context open to the French and
international scientific communities. The French reference concept should be selected
in the early years of the next decade.
In the SESAME process for specific americium separation, major laboratory development
work has been accomplished to validate the individual process steps. An integral
experiment in France with actual solutions is scheduled for the end of 1999.
All these processes must reach the technical feasibility stage and be assessed for their
industrial feasibility by the deadline stipulated in the 1991 French law, i.e. 2006.
Moreover, transmutation research raises the prospect of new types of fuels or targets for
transmutation in burner reactors. This in turn has led to the investigation of new
techniques - notably pyrochemical methods - suitable for reprocessing the new fuels.

Transmutation
Transmutation studies are organized in five main areas (Figure 4):
• Overall studies of scenarios and reactor populations. The results to date indicate that
a nuclear power generating system comprising light water reactors and a percentage
of fast neutron reactors would, under steady-state conditions, consume the same
quantity of long-lived radionuclides (plutonium, minor actinides and some long-lived
fission products) as it would produce.
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Transmutation optimization studies. These studies have notably shown that
neptunium transmutation is optimized by a homogeneous management mode, while
a heterogeneous management mode in dedicated assemblies with a suitable neutron
spectrum in fast reactors constitutes a more favorable option for americium and the
long-lived fission products.

• Experimental studies of fuels and targets. These studies will be carried out mainly in
the PHENIX fast neutron reactor to investigate the irradiation behavior of the minor
actinides, long-lived fission products and the containment matrices. The initial results
of qualification tests on candidate materials for transmutation target matrices in the
MATINA experiment indicate satisfactory behavior of MgO and MgAl2O4 (in the
presence of UO2). The ECRIX incineration experiment using AmOx targets in MgO,
initially planned for SUPERPHENIX has now been rescheduled in PHENIX; the target
fabrication work has already begun in ATALANTE.
• Basic physics research is also being conducted to provide additional nuclear data (e.g.
cross sections) and additional calculation procedures with quantitative uncertainty
bounds for specific transmutation-related issues. The High Flux Reactor at Grenoble
was used to irradiate 241Am samples in 1977, for example; the capture cross sections
of the americium isotopes were then determined by isotopic analysis.
• Innovative systems. Studies carried out under the GEDEON program have identified
the potential advantages of hybrid systems for transmutation of long-lived radioactive
wastes in a mixed reactor population comprising a small number of burner reactors to
incinerate the long-lived radionuclides produced in the power generating reactors.
The same studies also revealed the technical difficulties and technological complexity
of this scenario.
Studies of systems and components will achieve results within the scope of a European
program open to international exchanges (e.g. with the United States, the Russian
Federation and Japan) with the objective of building an experimental demonstration
facility. A number of such projects are now in progress at the French and European
levels.
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Research Area 3
The programs undertaken in Area 3 address two major themes:
• Conditioning of radioactive materials to ensure durable containment as wasteforms
suitable for handling: waste packages or complete fuel assemblies in containers. The
research programs concern the development of conditioning processes, long-term
behavior studies, package characterization and identification studies.
•

Design of long-term interim storage facilities capable of safely storing waste packages
for 100 to 300 yearsa in successive SO-year6 increments or for a single uninterrupted
period, in a surface or subsurface facility. This theme includes an assessment of this
management mode for conditioned waste as well as for unreprocessed spent fuel and
other pending materials.

The research programs have four main objectives covering wasteform conditioning and
interim storage processes:
•

Propose and validate processing and conditioning processes suitable for wastes or for
potentially reusable radioactive materials: conditioning of radioactive materials in a
solid matrix, containers for spent fuel (ensuring the transport, interim storage and
disposal functions) and for other radioactive materials.

•

Investigate the long-term package behavior and base the demonstration of containment performance and durability on the most advanced and proven scientific
knowledge.

• Support waste producers in characterizing the packages and establishing substantive
reports.
•

Examine concepts for long-term surface or subsurface interim storage facilities and
assess this option.

Wasteform Conditioning
Significant progress has been made in a number of research areas:
•

New conditioning matrices (including phosphate rock, ceramics and glass ceramics)
are being developed specifically for the separated radionuclides, which form part of
the structure of the extremely durable crystalline wasteform matrix itself. The
programs notably address the most abundant and potentially highly mobile long-lived
fission products (such as iodine-129 or cesium-135) as well as plutonium to be

The technical durability limits for each component and subsystem will be determined by R & D findings.
b
Fifty years corresponds to the maximum lifetime of existing interim storage facilities.
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conditioned after reprocessing, or the partitioned minor actinides. Conditioning
processes favorable to subsequent retrieval and processing are also investigated.
Major advances have been made in modeling and predicting the long-term behavior
of conditioned wastes. The scientific and technical basis for modeling and predicting
package durability and containment performance in diverse environmental
conditions has been established. Work is carried out under the Long-Term Wasteform Behavior (CLTC) project, which constitutes a coherent framework for investigating different wasteforms including glass, bitumen or concrete. The initial results
substantiate the containment performance: e.g. the lifetime of glass packages in a
diffusing environment is in the range of 100 000 to several million years.
The Research and Development plan (Figure 5) includes several milestones leading to
a final assessment in 2005 of the long-term behavior of all the wasteforms, including
the results of operational modeling calculations integrating all the phenomena
involved and taking account of all the related experimental qualification data. The
program will also provide useful data for the disposal studies in Area 2. Finally, and
more generally, it provides a basis for assessing material durability in an interim
storage facility.
The development and implementation of destructive and nondestructive measurement and assay methods and qualified protocols will allow accurate characterization
of waste package contents and characteristics. The resulting characterization report
will accompany the package throughout the subsequent management phases, and
will ensure conformity with specification requirements for each phase. The newly
commissioned CHICADE medium-activity facility at Cadarache is specifically intended
for long-term behavior and characterization studies of Class B packages.

Interim Storage
A very long-term interim storage (EtLD) project team has been set up to accentuate the
strategic importance of long-term interim storage. Its objectives include the following:
•

Itemize existing interim storage facilities in France and abroad, and establish an
inventory of spent fuel and waste materials intended for interim storage.

•

Perform a functional analysis of a very long-term surface or subsurface interim storage
facility.

•

Establish specifications for containers to ensure better confinement in interim storage.

•

Investigate the long-term behavior of interim storage facilities, containers and
wasteforms.

•

Define the research and development work necessary to orient decisions, with the
evolution of the technical options for very long-term interim storage projects.

Twelve types of concepts were defined during a functional analysis undertaken in 1997
and 1998, including five surface and seven subsurface concepts.
Surface disposal concepts (Figure 6) include storage shafts (CASCADE facility), modular
vaults, containers stored in buildings or casks, placed in holders for regional interim
storage with reconfigurable cooling provisions. A detailed quantitative functional analysis
of the modular vault concept (Figure 7) has been completed, and the concept images
were submitted to the French National Evaluation Commission.
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Seven subsurface concepts a few tens of meters underground, either on flatland or in a
hillside, were considered (Figures 8 and 9): large casks in ventilated drifts or rooms, large
containers cooled by conduction in a dry medium, standard nuclear waste glass canisters
with conductive cooling in a saturated medium or thermoconvection, or underground
pools.
The sites themselves do not constitute containment media on a geological time scale, as
the waste will eventually be retrieved. However, the sites do present favorable
properties from a construction standpoint: hard rock for easier excavation; impermeable
layers isolating the facility from the aquifer; natural "ventilation" chimney, etc.
As indicated in the timetable in Figure 10, this work will lead to preliminary very longterm surface or subsurface interim storage concepts for the different waste categories
beginning in 1999.
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Outlook
The work accomplished since 1991 has laid out the scientific framework for research
and has led to the development or reconfiguration of the necessary major experimental
facilities. Significant scientific and technical results have been obtained, and the
principal guidelines have been defined:
•

Partitioning studies are a prerequisite for more specific long-lived radionuclide
management options.

• Transmutation constitutes a long-term nuclear energy option offering the perspective
of stabilizing or even reducing the quantity of long-lived radionudides in scenarios
involving power-generating reactors and a small number of burner reactors.
Secondary waste quantities could be minimized, but not completely eliminated.
•

Plutonium is both a reusable energy-producing material and the main component of
long-term radioactivity. Long-lived waste management scenarios must therefore be
organized around long-term plutonium management.

• Wasteform studies (Area 3) are of fundamental importance. The waste package is the
basic nuclear component of all long-term management facilities and operations. It
constitutes the first containment barrier, and would be the fundamental unit of a
reversible management mode. Long-term behavior studies indicate that highly
durable containment is feasible.
•

Long-term surface interim storage beyond the industrial state of the art notably
implies research and development work in the following areas:
-

ensuring and demonstrating component and system durability;

-

designing safe and robust interim storage facilities with minimal operating and
supervision requirements;

-

designing containers for spent fuel and other radionuclide waste forms;

-

long-term retrieval of packages from interim storage.

The 1998-2006 research program comprises milestones intended to consolidate these
studies to the technical feasibility stage and to an assessment of their industrial feasibility.
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The new nuclei formed in reactor fuels through nuclear reactions, have different characteristics. A spent nuclear fuel assembly
from a pressurized water reactor contains:
- 96 % of major actinides (uranium and plutonium) which still contain a high energy potentiel (equivalent to about 10,000 tons
of oil with slow neutrons and several hundred thousand tons of oil with fest neutrons in a breeder mode);
- 4 % of nuclei with no energy value, which represent the actual residues from energy production: fission products, minor
actinides (americium, curium, neptunium), and activation products.
Among the fission products, only 2 radionudides represent the "high level" component: cesium 137
and strontium 90, responsible for the high radiation and heat release.
With half-lives of about 30 years, they will have practically disappeared after 300 years.
The radioactivity of the minor actinides (americium, curium, neptunium) deca*..
more slowly. For example, after a few thousand years, it is lower than that of the
initial uranium.
The activation products are formed by neutron capture in
the cladding and fuel structure materials.
Their radioactivity is significantly lower than that of the
other contributors.

Uranium ore used
for the initial fuel
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Figure 1: Activity (in GBq per metric ton of heavy metal) of the radionuclides formed in a
reactor, and of their decay products in UOX PWR fuel
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>15-year research program covering:
- Partitioning and transmutation of long-lived radionuclides in nuclear waste
- Reversible or irreversible disposal in geological repositories, including the
construction of underground laboratories
- Conditioning processes and long-term near-surface interim storage
>
CO

>Annual report by the Government to the French Parliament
with support by the French National Evaluation Commission
> Final report and legislative proposal in 2006

Figure 2: French Long-Lived Waste Management Law
(30 December 1991)
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Accelerated £roton
beam
Proton accelerator (linear or cyclotron )
In the scope of the work carried out by CEA/DSM and CNRS/IN2P3
on the SILHI proton source, the IPHI injector source head was made
operational.

Window

Spallation target

00

Lets the protons
through while
ensuring tightness
between the active
core and the
accelerator system

The high-energy protons strike the heavy
metal nuclei of the target (lead, tungsten),
break them into several fragments, with
emission of a large number of neutrons.
A project to develop a 1 MWth liquid bismuthlead spallation target was initiated in Obninsk
under a CIST contract supported by the EC at
CEA's request. It should be completed within 2
years and irradiated at Los Alamos in the scope
of a cooperation with Russians and Americans.

Fast core
Fast neutron energy domains offer the best characterictics for transmutation :
*
*
*
*

an intense neutron flux,
the ability to fission all (even and odd) isotopes of the heavy nuclei,
a neutron balance maximizing the number of neutrons available for transmutation,
the possibility to locally adapt the spectrum of the neutrons to bring them to the
resonance energies of the radionuclides to be transmuted (minor actinides or some
fission products).

Moderator
Allowing to locally bring the neutrons to the capture
resonance energies of the radionuclides to be
transmuted (70-2000 eV for iodine-129,5-1000 eV
for technetium 99).
The COSMO program in the experimental reactor
MASURCA in Cadarache is studying its optimization.

Hybrid Mode Source System

Coolant

When contemplating the design of an incinerator
reactor core highly loaded with minor actinides,
owing to the small proportion of delayed neutrons, the
nuclear reaction could probably not be controlled by
classical systems (displacement of absorbing control
rods). The intense external neutron source produced by
spallation would ensure reactivity control. The core
would then operate in a subcritical state, coupled to
the source system.

Liquid metal (sodium,
lead, lead-bismuth...),
gas (helium, CO 2 ...).

The MUSE program at MASURCA studies the neutronics of a fast
core - source system coupled system. The MUSE 3 experiment
began in January 1998 in collaboration with CNRS, with a 14 MeV
neutron generator simulating the spallation neutrons.
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Fuel rods
oxide, metal...
The experimental study of fuels and
targets, and of transmutation yield is
carried out in PHENIX.

>
m

Transmutation target
(inert matrix (alumina, magnesia ...)
containing the long-lived radionuclides to
be transmuted (minor actinides, long-lived
fission products).

Figure 4: Schematic Overview of a Burner Reactor for Transmutation

AreaS
The purpose of waste conditioning is to ensure effective and lasting containment of the
radionuclides. The Long-term Wasteform Behavior (CLTC) program provides the framework and
the scientific means to study the long-term behavior of packages (performance validation of
existing wasteforms, investigation of new conditioning methods to orient and qualify the materials
and process options), constituting the first containment barrier, in interim or final storage
conditions, in normal or degraded situations. This program includes modeling of the mechanisms
governing the long-term evolution of the packages and their interaction with the environment as
well experimental qualification of the model. This investigation covers:
• the basic physical and chemical phenomena that can be integrated into the model,
• the typical behavior of different types of wasteforms and a performance assessment of the longterm containment behavior of the various matrices,
• the long-term behavior of packages in very long-term interim storage conditions,
• the long-term nearfield behavior of the packages in a disposal repository. This topic is related
to both Areas 2 and 3.
The Research and Development program is organized around three main dates :
> 1999: State of knowledge concerning the long-term behavior of known or anticipated packages (spent fuel, glass, concrete, bitumen, compacted hulls
and end pieces), based on the elementary alteration mechanisms, with a preliminary assessment of the interactions under generic and simplified
environmental conditions.
> 2001: First synthesis of knowledge on long-term wasteform behavior, taking into account the modeling of related mechani* ms and interpretation of
the alteration tests; first package source term for the multiple-barrier system performance studies; definition of test protocols representative of longterm behavior for characterization tests,
> 2005: Second synthesis of knowledge on long-term wasteform behavior, with nearfield package interaction modeling calculation results integrating
data, concepts and scenarios at the preliminary project stage; nearfield package source term; data and interpretation of the characterization tests
concerning long-term behavior.

Figure 5: The CLTC Program
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Figure 6

Modular vault

"CASCAD" type vault

Cask on reactor site

Double envelope containers
without biological shielding, placed
vertically in cylindrical
compartments inside a concrete
vault cooled by natural convection

Spent fuel placed "as is" in
cylindrical shafts with thin double
walls inside a concrete vessel
providing biological shielding,
cooled by natural convection

Spent fuel placed "as is" in very
thick casks providing biological
shielding with high unit capacity,
cooled by natural convection

Pool (SF in container) then vault

Vault with reconfigurable cooling

SF assemblies are encased on the reactor site. The
container ensures confinement and mechanical
strength for handling. Containers are managed in
pools, then placed in casks for onsite storage.

Compact interim storage adaptable to the spent fuel
heat load without package handling. Cooled in
successive phases: water cooling, natural convection,
then conduction.
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Individual vault
20 cells
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Transport/storage casks
in ventilated drifts

Transport/storage casks
in ventilated rooms

Large capacity containers providing biological
shielding, stored horizontally in drifts; forced
convection, then natural convection cooling; limestone
rock formation between two impermeable layers

Large containers providing biological shielding, stored
vertically in caverns; forced convection, then natural
convection cooling; granite host rock

Small containers
in ventilated drifts

Large containers cooled by conduction
in a dry medium

Standard waste canisters without biological shielding,
placed vertically in drifts; forced convection, then
natural convection cooling;
plastic clay host rock

Large containers without biological shielding placed
vertically in boreholes; forced convection, then natural
convection cooling; granite host rock
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Subsurface Interim Storage Concepts (cont'd)
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Small containers cooled by conduction
in a saturated medium

Small containers
cooled by groundwater flow

Small containers without biological shielding, placed
horizontally in tunnels; cooled by conduction; marly
clay host rock, saturated medium

Small containers without biological shielding, placed
vertically in boreholes; cooled by water convection in
alluvial sand or gravel

Spent fuel assemblies stored "as is" in underground
poois; secondary loop cooled by an open tertiary loop
with the heat sink in a river
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1997

1998

1999

2001

2000

2002

2004

2003

2005

2006

tt
Preliminary basic data &
Preliminary functional analysis

Specifications
Technical data file

Preliminary concepts
Selection of concepts!

• Description
• Dimensions
• Substantiation

Preliminary Project (APS)
+ Final Project (APD)

I

Performance assessment
Project review & confirmation of options
Detailed engineering
APS submission

Research and Development
Figure 10: Very Long-Term Interim Storage (EtLD) Concept Program Timetable
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NUCLEAR WASTE MANAGEMENT:
PREPARING FOR THE NEXT CENTURY
T.T. VANDERGRAAF
Whiteshell Laboratories
Atomic Energy of Canada Ltd.
Pinawa, Manitoba ROE 1L0 Canada
ABSTRACT
Nuclear reactors have been operating safely in a number of countries during the last half of this century.
Nuclear research reactors have been used to increase our understanding of the fission process and to produce
radioisotopes for medical diagnostics and to treat cancer. Nuclear power reactors have provided environmentally
friendly energy in abundance, helping to provide a life style that is unmatched in the history of mankind.
However, in spite of over a quarter century of research into the final disposal of the radioactive and toxic wastes
associated with the nuclear process, final disposal of high level nuclear wastes will not occur until the next
century. In this paper, some of the outstanding issues and concerns will be discussed and suggestions presented
for future studies.
A world wide consensus has evolved among scientists that geological isolation offers the best option for
permanent disposal and that the engineering technology has been developed well enough to allow various
geologies such as granite, clays, salt, and tuff to be considered as a host rock. A decision to reprocess used
nuclear reactor fuel is dictated by a combination of national policies, type of reactor fuel and economics with the
end result that the form of the used fuel wastes can include used fuel, borosilicate-based vitrified wastes, glass
ceramics and other waste forms.
Emplacement of used fuel wastes and material designed to form a mechanical and geochemical barrier
between the wastes and the host rock will disturb the geochemical equilibria of the host rock. Subsequent
evolution of the geosphere may result in the formation of new alteration minerals in the disposal vault and along
fracture flow paths and in changes to the hydraulic conductivity of the engineered barrier and the rock mass
surrounding the vault. To predict the extent of these changes, geochemical codes are used with thermodynamic
data obtained from rock-water interaction studies.
A considerable amount of work has been performed world wide to understand the interactions between
dissolved radionuclides and the geological material surrounding the wastes. These interactions are governed by a
large number of factors and are usually expressed as sorption coefficients. Recent developments in spectral
techniques such as EXAFS have led to a better understanding of the processes that lead to sorption and suggest
that these processes are not always reversible but may lead to the formation of new, low temperature minerals.
In preparing to enter the 21 s ' century, during which we can expect geological disposal of high level
nuclear fuel waste to take place, we will need to convince the general public of the safety of this method of
disposal. To do this and to build confidence in our ability to assess the environmental impact of used fuel wastes
disposal, two important tools can be used, natural analogs studies and long term demonstration experiments.
Natural analog studies provide insight into the long term behaviour of radionuclides. These studies are generally
directed to uranium deposits such as the Koongara and Cigar Lake deposits, but also include the evolution of
trace element distributions in natural fractures and anthropomorphic analogs such as brass cannons and iron nails.
A drawback to natural analog studies is that often insufficient information is available on the initial conditions
under which the natural analogs were formed. Long term demonstration experiments, on the other hand, can be
designed so that the conditions can be controlled and monitored during the course of the experiment, although it
is recognized that these experiments are, by their nature, of limited duration.
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Introduction

Approximately 60 years ago in Germany, Otto Hahn, Lise Meitner and Fritz Strassman
provided experimental evidence that uranium nuclei could be split into two smaller nuclei.
Less than five years later, Enrico Fermi and his research team showed that a chain reaction of
fissioning uranium nuclei could be maintained using enriched uranium as fuel and graphite as
moderator. The first civilian nuclear power plant, a graphite-moderated, CO£ooled reactor,
became operational at Calder Hall in the United Kingdom in 1956, less than twenty years after
Hahn and Strassman's discovery. Since the late 1950s, nuclear power and nuclear research
reactors have, with a few notable exceptions, been operating safely in a number of countries.
Nuclear research reactors have been used to increase our understanding of the fission process
and to produce radioisotopes for medical diagnostics and to treat cancer. Nuclear power
reactors have provided environmentally friendly energy in abundance, helping to provide a life
style that is unmatched in the history of mankind.
Already in the 1960s, the need to deal with the disposal of radioactive wastes
associated with the production of nuclear energy and radioisotopes was recognized. With the
optimism that earmarked the years following the second World War, it was generally assumed
that, if science and technology could join forces and control the chain reaction of a fissioning
process and produce electricity, disposing of the wastes would not pose an insurmountable
obstacle. The first phase in the disposal of the wastes was usually considered to be a chemical
process to extract the remaining enriched uranium from the irradiated fuel, leaving a liquid
residue. The chemical processes required for these separations had already been developed as
part of the Manhattan program and it was further assumed that the liquid wastes could be
incorporated into a glass matrix. In the 1960s, scientists at the Chalk River Laboratories near
Ottawa, Canada, developed a nepheline syenite glass matrix that they used as a host medium
to incorporate some of the radioactive wastes. As part of the experimental program to assess
the viability of this waste form, a number of these nepheline syenite ingots containing Sr,
137
Cs and 239Pu were buried at a shallow depth in a sandy aquifer at the Chalk River site and
the groundwater monitored downstream for radioisotopes leached from these glass blocks.
Because early results showed no indication of leaching, a second batch of nepheline syenite
blocks was prepared with a lower resistance to leaching. Over the years, this long-term
experiment has provided a considerable amount of insight into the leaching behaviour of
glasses and the transport of selected radioisotopes in the geosphere (Melnyk et al. 1984).
In the 1970s, the nuclear community shifted its attention to the disposal of nuclear
reactor fuel wastes. By this time, nuclear power reactors had been operating for
approximately twenty years. One of the reasons for this shift in attention was a decision by
then-US president Jimmy Carter that the United States would not continue with the
reprocessing of used civilian nuclear fuel. The capacity for used fuel reprocessing in France
and the United Kingdom was limited. Even though the wastes produced by nuclear power
plants do not present large volumes, extrapolation of the required storage space at reactor sites
gave a clear indication that some solution to the disposal of the wastes needed to be found.

-

47 -

JAERI-Conf

99-004

As we are nearing the close of this century and of this millennium, research into the
final geological disposal of the radioactive and toxic wastes associated with the production of
nuclear power has been ongoing for twenty years. However, in contrast with the development
of nuclear power reactors which required less than twenty years to progress from conception
through construction to operation, only some low and intermediate level wastes have been
disposed of in geological environments. By contrast, the final disposal of high level nuclear
wastes is not expected to occur until the next century. The reasons for the differences in the
time frames for the development of nuclear power and for the disposal of the wastes produced
in the generation of nuclear power include technical as well as socioeconomic ones. Some of
these perceived differences are shown in Table 1.
Table 1: Perceived differences between nuclear power generation and high level nuclear waste
disposal
nuclear power generation
high level waste disposal
• good timing
• poor timing
• economic benefits
• no economic benefits
• urgent need
• no urgent need
• short time scales
• long time scales
• visible
• not visible
• involves scientific and engineering
• involves geological processes than cannot
principles that can be controlled
be controlled
In spite of the time and effort spent by a large number of national programs, some
outstanding issues and concerns remain and will have to be addressed before the geological
disposal of high level wastes will become a reality. Space limitations prevent an exhaustive
discussion of all aspects of nuclear fuel waste disposal and the main emphasis will be directed
towards geochemical issues and contaminant transport in the geosphere in this paper.
2.

Waste Forms

Nuclear wastes can be grouped into various categories, based on their origin, use, or
radionuclide concentrations. A typical breakdown into categories is given in Table 2.
Table 2: Nuclear Waste Categories
Nuclear Waste Category
Source or Use
• low level wastes
• reactor operation
• intermediate level wastes
• reactor operation
• high level wastes
• used nuclear fuel wastes
• mine tailings
• uranium mines
• institutional wastes
• hospitals, universities
• historic wastes
• abandoned facilities
2.1

Low- and Intermediate Level Wastes (L&ILW)
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Although there are different definitions of L&ILW, these wastes can best be described
as voluminous compared to high level wastes but with low to intermediate levels of
radioactivity. They are usually considered to consist of wastes produced during the operation
of nuclear power plants and include such materials as filters and spent ion exchange resins
used in removing activation products and irradiated fuel fragments from primary coolant
circuits and operational wastes including contaminated clothing, rags, polyethylene and
gloves. These wastes are very heterogeneous and their radioisotope inventories are often
difficult to quantify. Because these wastes invariably include relatively large amounts of
organic material, the organic degradation products and their effect on the speciation of
radioisotopes must be considered.
2.2

High Level Wastes (HLW)

By far the highest concentrations and largest amounts of radioisotopes are associated
with HLW. These wastes comprise both used nuclear fuel and reprocessed used nuclear fuel.
The former consists almost exclusively of a UO2 matrix containing fission and activation
products. The accessibility of the fission and activation products to groundwater depends very
much on their location in the UO2 matrix and on their physical and chemical properties.
Reprocessing of used nuclear fuel produces liquid wastes that are immobilized into leachresistant solid matrices. These waste forms are discussed inn more detail below.
2.3

Mine Tailings

Mine tailings include U- and Th-daughters, primarily 226Ra, but also chemically toxic
elements. Mine tailings are voluminous and are therefore usually disposed off at or near the
mine site in shallow disposal sites and surrounded by an impervious barrier such as clay. In
some cases, the mine tailings are disposed of in lakes and covered by a clay layer.
2.4

Institutional Wastes

Institutional wastes are wastes produced in medical research, diagnostics and treatment
and by research institutes. These are normally collected at hospitals and universities and
shipped to an authorized storage site for eventual co-disposal with L&ILW.
2.5

Historic Wastes

Historic wastes are radionuclide-containing wastes that have been accumulated by
organizations that have since ceased operation or gone into bankruptcy. These wastes include
low level wastes associated with the early production and use of 226Ra and radionuclidecontaining wastes generated as byproducts in the production of specialty metals from U- and
Th-containing ores. Typically, these wastes were accumulated before the present strict
environmental controls were instituted. In Canada, the Federal Government has taken on the
responsibility of looking after these historic wastes through the Low Level Radioactive Waste
Management Office.
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High Level Waste Disposal

Over the years, a number of disposal options have been suggested and considered. Of
these, jettison of the wastes into the sun, is probably the most esoteric concept. Although this
method would permanently remove the wastes from the earth's environment, the probability
of a failed launch and the concomitant risk are considered to be too high to be acceptable.
Deep sea disposal in the Atlantic Ocean in an area with a high sedimentation rate may be
technically feasible but is generally thought to be ethically not acceptable and contravenes
existing legislation.
Over the last twenty years, most attention has been focused on deep geological
disposal of high level wastes in a stable host rock formation. The choice of host rock is to
some extent determined by its availability: thus, while granite remains the host rock of choice
in most countries, including Canada, Finland, Japan, Korea, Spain and Sweden, salt is being
considered by Germany and the United States, clay by Belgium, siltstone by Hungary, and
disposal in an unsaturated zone in volcanic tuff by the United States. The main requirements
for a geological formation to act as a host rock are structural stability and little or no
movement of groundwater to limit the environmental impact of the radioisotopes or
chemically toxic species associated with the used nuclear fuel wastes.
Disposal at depths of 500 to 1000 m is usually advocated to take advantage of long
flow paths, not only to minimize the environmental impact of a waste disposal vault, but also
to minimize the potential of future human intrusion. A variety of engineered barriers are
incorporated into the disposal design to reduce or delay the release of radionuclides and
chemically toxic materials to the environment and hence to increase the safety of the disposal
option over that afforded by the geological host rock formation alone. These barriers include
the waste form itself, a corrosion-resistant waste package and, in most cases, one or more
zones of swelling clays to limit the ingress of groundwater.
4.

Engineered Barriers

4.1

Waste Forms

The form in which the used fuel wastes are disposed of will depend, to a large extent,
on the treatment of the used fuel after it has been discharged from a nuclear power reactor. If
no reprocessing is involved, the waste form will, in most cases, consist of the irradiated UO2
matrix. The dissolution of this fuel is a function of the in situ geochemical conditions and is
accentuated by alpha-induced radiolysis. The release of the fission and activation products
from this type of matrix depends on their chemical properties and can be grouped into four
categories. During the time the fuel is producing power in a nuclear reactor, fission gases and
volatile fission products, including 14C, 36C1, 90Sr, 99Tc, 129I, and 137Cs migrate down the
temperature gradient towards the surface of the fuel pellets and are released instantly when the
fuel sheath is breached by corroding groundwater (Tait et al. 1997). This fraction of the
fission product inventory is called the "instant release fraction." These same radioisotopes
also migrate to grain boundaries and are released when grain boundaries are attacked. The
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rare earth elements and actinides can be accommodated within the UO2 matrix to form solid
solutions; these fission and activation products are released congruently with the dissolution
of the UO2 matrix. Finally, fission products such as 95Zr, 95Nb and 107Pd, that tend to exist in
an elemental form in the fuel, form metallic inclusions and are not likely to be dissolved under
the geochemical conditions expected in a used fuel disposal vault. Carbon-14 is mainly
produced in nuclear reactor fuel by neutron activation of nitrogen impurities in the fuel and
can be present as graphite, carbide or a carbon-oxygen species. The rate of dissolution of 14C
and its speciation in solution depends on the chemical form in which it is present in the fuel
matrix.
If the used fuel is reprocessed, the waste form can be formulated to provide as high a
resistance to leaching by groundwater as economically warranted and technically feasible.
The most common method to immobilize the fuel reprocessing wastes is to incorporate them
into a glass matrix. Since vitrified wastes are not thermodynamically stable under the
geochemical conditions in a disposal vault, advanced waste forms are being investigated.
These advanced waste forms include Synroc ®, a mixture of the thermodynamically stable
synthetic minerals hollandite, peroskite, zirconolite and rutile which are formulated to serve as
a suitable host medium for fission products and actinides (Ringwood 1982, Levins et al.
1986). Glass ceramics have been developed in Canada. This waste form consists of
thermodynamically stable sphene crystals that serve as hosts for actinides and that are
embedded in a glass matrix that incorporates fission products with relatively short half lives
(Hayward and Cecchetto 1982). More recently, yttrium-stabilized zirconia (YSZ) and
zirconium-based composites have been investigated as potential waste forms (Heimann and
Vandergraaf 1988, Burakov and Anderson 1999)
4.2

Waste Package

Design criteria for waste packages include corrosion resistance, ease of fabrication and
resistance to crushing by the hydrostatic and lithostatic pressures that exist at the disposal
depth. Titanium, copper and carbon steel are the most commonly recommended waste
package materials. Addition of particulate material such as glass beads to the container to fill
the voids between the fuel bundles and the walls of the container allows thin-walled
containers to be used (Johnson et al. 1987). Pitting and stress corrosion under the in situ
geochemical conditions need to be understood to predict the longevity of these containers.
4.3

Buffer Materials

With the possible exception of the disposal concept in the unsaturated zone in volcanic
tuff, all disposal concepts rely on some form of buffer material between the waste container
and the host rock. This buffer material is almost invariably a swelling clay that will expand
when contacted by groundwater entering the disposal vault and increase the time for the
groundwater to reach the waste container (Johnson et al. 1987). The buffer material also
provides a large number of sorption sites for dissolved radionuclides and chemically toxic
elements to retard their transport from the vault towards the biosphere.
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Contaminant Transport

Regardless of the hydrological characteristics of the buffer material, the corrosion
resistance of the waste container or the leaching resistance of the waste form, dissolution of
the waste and transport of released radionuclides and chemically toxic elements from the
waste and their transport through the geosphere by diffusion or advection must be considered.
Most of these radionuclides and chemically toxic elements interact to various degrees with the
geological material along the flow paths from the vault to the biosphere. These interactions
remove the contaminants from solution by sorption onto the surfaces of the minerals lining
hydraulically conducting fractures and lining the interconnected pore space in sparsely
fractured rock. The sorption process removes the contaminants from the transport solution
and has the overall effect of retarding their velocity relative to that of the groundwater. This
retardation increases the transit time of these contaminants through the host rock. These
increased transit times, coupled with the decay of the radionuclides, reduce their
environmental impact on the biosphere.
5.1

Sorption Processes

Sorption processes are dependent on the nature of the chemical species in solution, the
chemical composition of the groundwater and the mineralogical and chemical composition of
the sorbing material. Sorption can take place by an ion exchange process, whereby a
dissolved ion replaces a loosely held ion on a solid surface or by the formation of a chemical
complex with a metal oxide surface whereby the surface acts as an insoluble ligand. In
principle, both processes are reversible; experimental evidence suggests, however, that
sorption processes are generally not reversible but that sorption can be followed by a
rearrangement of the atoms on the surface leading to the formation of a low-temperature
mineral. The development of advanced techniques including EXAFS (extended X-ray
absorption fine spectra) and AFM (atomic force microscopy) have led to our understanding of
sorption processes (Reich et al. 1996, Scheidegger et al. 1996).
5.2

Diffusion Processes

Transport from the vault through the buffer and through the interconnected pore space
sparsely fractured rock by diffusion must also be considered as potential pathways for
contaminant transport from a disposal vault to the biosphere. Any interaction between the
dissolved contaminants and the mineral surfaces that line the interconnected pore space will
retard the transport of these contaminants. Diffusion can also occur from hydraulically
conductive fractures into the interconnected pore space of the rock mass adjacent to the flow
paths. This process has the overall effect of increasing the sorptive capacity of the rock
adjacent to the fractures and leads to increased retardation. Diffusion is a time dependent
process and the extent by which diffusion will take place is a function of the residence time of
the contaminant in the fractures.
5.3

Geochemical Considerations
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Excavation into a previously undisturbed geological formation and emplacement of
thermally warm used nuclear fuel wastes, containers and buffer material in the excavated
disposal vault leads to a disruption of the geochemical equilibria of the host rock. Excavation
will alter the hydraulic conditions in the vicinity of the disposal vault and a drawdown of the
water table will bring in groundwater from different areas of the host rock. Because rockwater interactions tend to be kinetically slow processes, geochemical equilibria will only be
reestablished slowly, during which time changes will take place in the chemical composition
of the groundwater as well as in the mineralogical and chemical properties of the minerals
along the flow paths. Oxygen-rich meteoric water from rainfall and snowfall may be drawn
into the disposal vault area and lead to changes in the local redox conditions. These changes
may in turn result in partial oxidation of multivalent elements such as uranium into species
with higher solubilities. Although these processes may well be of short duration in
comparison with the time scales that are being considered in assessing the environmental
impact of a used fuel disposal vault, the impact of these changes on contaminant transport
must be addressed.
6.

Environmental and Safety Assessment

To demonstrate the safety of a used nuclear fuel waste disposal option, assessments
must be made of the eventual impact of the disposal on the environment. Depending on the
jurisdiction where the disposal option is to be exercised, these calculations may have to be
performed for times up to 105 or 106 years. The mathematical models used in these
assessments range from empirical relationships to models based on more basic scientific and
thermodynamic principles. For example, solubility calculations can often be performed using
chemical thermodynamic data and generally accepted speciation calculations and
extrapolation of the corrosion of waste containers can be performed with confidence using
widely accepted corrosion models. However, a clear understanding of sorption processes is
not yet available and empirical models must be used. Because of the large number of factors
that have to be considered, these models must therefore be simple and, if anything, be
conservative.
7.

Confidence Building

Even though there is a general consensus within the nuclear industry that geological
disposal of high level wastes - and, by inference - of low and intermediate level wastes - is a
viable option, regulatory agencies and the general public both need to be convinced of this,
especially because of the long times over which models need to be extrapolated. In addition
to an increased understanding of the fundamentals of the processes that are relevant to the safe
geological disposal of nuclear fuel wastes, confidence can be gained through investigations
into natural and anthropogenic analogs and by performing long-term experiments.
7.1

Natural Analog Studies

There are a number of geological entities that can be used to confirm or increase our
understanding of long term geochemical processes. Investigations into the formation of
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uranium deposits and the movement of fission products produced by the spontaneous fission
of 5U in particular have produced supporting evidence that confirms our understanding of
some of the geochemical processes that govern contaminant transport. Investigations in the
high grade Cigar Lake deposit in Northern Saskatchewan have shown that clays can be
effective hydraulic barriers for millions of year, and that migration of uranium is determined
by the in situ redox conditions (Cramer and Smellie 1994). The importance of redox
conditions has also been shown in studies of the Koongarra uranium deposit in Australia. The
limited extent of fission product migration over geological times has been confirmed by
investigations into the natural reactors in Oklo, Gabon, Africa (Hemond et al. 1992).
Uranium-series disequilibria studies have shown that only very little movement of uranium
and its daughters occurred in the Tono mine in Japan over the past 106 years (Nohara et al.
1992). The recent discovery of non-petrified tree trunks near Dunnarobba in Italy has
provided additional supporting evidence that clays can form an excellent barrier to the
migration of oxygen and moisture. Information obtained from hot springs can be used to
confirm or increase our understanding of rock-water interactions at elevated temperatures over
long time periods; studies of highly alkaline waters can further our understanding of the effect
of high pH on rock-water interaction (Linklater et al. 1994). The latter is of interest in cases
where large amounts of concretes are introduced in a disposal vault
7.2

Anthropogenic Analog Studies

In addition to natural analogs, anthropogenic or man-made analogs can be used to
increase our understanding of geochemical processes. Analysis of iron nails, discarded by the
Romans in the United Kingdom in the first century and of a bronze canon accidentally sunk in
a Swedish harbour have been used to show that corrosion models can be extrapolated over
hundreds or thousands of years (Hallberg et al. 1988). Analysis of a kaolinite layer in a
Chinese burial site has provided additional supporting evidence that clays can indeed be used
effectively as sealants (Lee et al.1986).
Tailings from uranium and other mines can provide further information on a variety of
geochemical processes including the long term behaviour of multivalent contaminants under
evolving redox conditions, advective and non-advective migration behaviour of contaminants
in geological formation underlying or adjacent to the tailings and migration behaviour in
surface waters.
7.3

Long-term Experiments

It will not be possible to find natural or anthropogenic analogs for all processes that
are relevant to the geological disposal of high level nuclear wastes. Long term experiments,
preferably performed under in situ conditions, are very valuable in that they often can reveal
processes or interactions between processes that have been overlooked in more detailed
laboratory studies. Increased confidence in the understanding of relevant processes can be
gained by carefully planned long-term experiments. For example, used fuel dissolution
studies, initiated at the Whiteshell Laboratories in the 1970s have shown that, although the
release of some fission products (90Sr,137Cs) is initially high, it decreases with time and
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approaches that of the actinides and that the release of these isotopes can be modeled by a
combination of an instant release and a congruent dissolution model (Stroes-Gascoyne et al.
1997). Glass blocks containing 90Sr and 137Cs, intentionally buried in a sandy aquifer at the
Chalk River site in the 1960s, have provided information on the leaching of vitrified wastes
and the transport of the released radionuclides through the aquifer over more than 20 years
(Melnyketal. 1984).
Experiments to study the migration of contaminants, including colloids, in fractures
have been limited to durations in the order of months and over distances of a few metres
(Vandergraaf et al. 1996, Vilks and Bachinski 1996). To perform these experiments within a
limited time frame, compromises have to be made in terms of the flow velocity of the
transport solution or the length of the flow path. Both lead to a lower residence time that can
be expected to occur under the hydraulic conditions that are expected to exist in and around a
used fuel disposal vault. Although many important observations and much useful information
have been obtained from these relatively short term experiments, they have not lent
themselves very well to study the effect of diffusion on contaminant transport. Long term and
demonstration migration experiments over longer distances, at lower linear flow velocities
and with longer residence time are needed to increase our understanding of the transport
behaviour of radionuclides and chemically toxic elements in moderately fractured rock and in
porous media under realistic conditions. Because of the investment in time and materials
required, international cooperation will be needed for these long term experiments.
From an assessment of the current situation, it seems highly unlikely that actual
geological disposal of high level nuclear fuel wastes will occur within the next 20 years.
Advantage of this delay should be taken to design, perform, and analyze the results of longterm demonstration experiments to provide additional information for input into future
environmental and safety assessments that will undoubtedly be required prior to disposal.
8.

Supporting Studies

The applicability of equivalent porous media transport models to flow in fractured
rock needs to be investigated further. If these models cannot be used, discrete fracture flow
models will have to be developed. The selection of alternative models may have an impact on
the requirements for the hydraulic characterization of a potential host geology.
A better understanding of the interaction between dissolved species and geological
surfaces is needed to model the transport behaviour of contaminants in the vault and
geosphere. Most transport models still consider that sorption processes are reversible and use
simple sorption coefficients as a parameter to indicate the degree of sorption. Incorporating
kinetics or partially reversible sorption processes into transport models may be more
representative of the processes that govern the removal of contaminants from solution and a
corresponding increased accuracy of the prediction of contaminant transport over long time
periods.
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It will not be necessary to consider all radionuclides or chemically toxic elements in
high level nuclear fuel wastes. Some radionuclides, in particular some of the actinides and
rare earth elements, are sufficiently insoluble or exhibit sufficiently high affinity for mineral
surfaces that the probability of their escape from the disposal vault is extremely low. It may
be more cost effective to concentrate experimental effort on specific radionuclides that are
known to have a more complex chemistry under disposal conditions than can be presented by
a simple empirical reversible distribution ratio. For example, the chemical form in which 14C
exists in used fuel is not known, nor is it known in which chemical form this radionuclide will
be present in the vault or in the geosphere. Carbon-14 can be present in groundwater as CO3 "
but may be tied up as a carbonate complex. Yet in virtually all environmental and safety
assessments, the transport of 14C through the vault and the geosphere is calculated on the basis
that sorption of 14C is reversible. As a minimum, interactions of l4C as CO32 with calcite and
dolomite followed by the incorporation of the 14C into the calcite or dolomite structure should
be considered.
9.

Perspectives on Waste Disposal

In view of the public opposition to the geological disposal of nuclear fuel wastes, it is
important to recognize that environmental and safety assessments of a particular disposal
should not be performed in isolation but must be compared to a "status quo" where to action
is contemplated but the wastes remain at their present location. To assume that there is no
risk associated with the status quo is to assume that the present societal controls and structure
will remain in place, that the current communal values will not change and that national
boundaries and jurisdictions are immutable for as long as the status quo is maintained.
History tells us otherwise and, consequently, changes in these factors must be considered in
the assessment of the environmental and safety of maintaining the status quo. If the risk to the
public of maintaining the status quo is not addressed, the message that the nuclear power
industry presents to the general public, the media, the regulators and government agencies,
will be interpreted to mean that the small but finite risk associated with disposal is an
additional risk over maintaining the status quo and is therefore unlikely to be received
positively.
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CHALLENGES IN THE APPLICATION OF BURN-UP CREDIT TO
THE CRITICALITY SAFETY OF THE THORP REPROCESSING
PLANT
R.T.H.MAYSON and KJ.GUNSTON
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Sellafield, Seacale
Cumbria
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1.

Introduction

The Thermal Oxide Reprocessing Plant (THORP) recently constructed and commissioned at
the British Nuclear Fuels pic (BNFL) Sellafield Site in the north west of England, was
designed to reprocess irradiated uranium oxide fuel from light water reactors. The plant
which was built at a cost of approximately £1.85M, contains three dissolvers which are used
in the dissolution of the uranium oxide fuel in concentrated nitric acid. In order to maintain a
balance between plant throughput and dissolver capacity whilst still maintaining criticality
safety, the process uses gadolinium nitrate as a neutron poison. This is fed to the dissolvers in
controlled quantities with the design intent that a minimum concentration of gadolinium can
always be demonstrated to be present.
During commissioning of the plant however, it was recognised that significant cost savings
could be made if some of the pessimistic assumptions made in the criticality safety case for
the dissolvers could be removed. For example, the existing criticality safety case was
established for maximum dissolver fuel masses and maximum enrichments and did not
assume any dissolution scenarios. It was also based on the 'fresh-fuel' assumption, i.e.
reactivity losses due to fissile depletion and the build-up of neutron poisons during irradiation
of the fuel in the reactor was ignored. Consequently, the criticality safety case while
benefiting from being fairly simple, required a gadolinium concentration significantly greater
than the actual criticality considerations should require. Furthermore, the majority of
gadolinium fed to the dissolvers emanates itself as waste gadolinium oxide in the high level
waste streams from the plant and subsequently it cannot be re-used.
The challenge for the BNFL criticality safety community has therefore been to develop a
methodology for applying burn-up credit to the criticality safety case for the THORP
dissolvers and demonstrating to the plant operators and Regulators that adequate margins of
safety still exist. This paper describes some of those challenges which have been met in
applying burn-up credit to demonstrate the continued safe operation of the dissolvers whilst
justifying operating with a reduced gadolinium concentration. It explains how the
calculational route was derived and how sensitivity studies were carried out to derive suitable
allowances for uncertainties in the calculation of reactivity losses with fuel burn-up.
It is also worth noting that such an approach has required the derivation of a new criticality
safety criterion and a safe envelope of fuel enrichment and bum-up in normal conditions and
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for an extreme nominal accident condition, not previously employed in the United Kingdom.
In addition, any reductions in the concentration of gadolinium required in the dissolver could
be perceived as a reduction in the margins of safety and hence have to be clearly justified.
This paper also describes the approach taken to explain some of these changes.
2.

Criticality Safety Philosophy

The philosophy for addressing the criticality safety of a nuclear plant is to demonstrate that
the plant will remain safely sub-critical during all normal and foreseeable abnormal
conditions. As part of the assessment process the safe operating envelope of the plant is
defined and any control measures required e.g. neutron poisons and enrichment limits, are
also identified. The safety criteria used to assess the plant must take into account any
uncertainties in the methods and data employed. For example, the typical criteria used is
Kefr + 3CT < 0.95 - E, where a is the standard deviation associated with the calculation of
k-effective and E represents an allowance for uncertainties in the program, nuclear data,
system modelling and non-optimisation of the system. The application of this safety criteria
must be explained and the allowances for uncertainties clearly justified to the satisfaction of
the criticality safety community and the Regulators.
The consideration of potential accident conditions and fault scenarios in the criticality safety
assessment also leads to the requirement to address optimum configurations from a criticality
safety perspective i.e. maximised reactivity based on bounding pessimistic assumptions.
However, it is important to note that a cost-effective balance has to be made between plant
operability and the need for criticality control e.g. dissolver fuel batch size versus acid poison
loading.
Traditionally, criticality safety assessments for irradiated fuel operations have assumed the
fuel to be unirradiated. Consequently, the safety arguments have been fairly simple because
the criticality properties of uranium are well understood and hence the approach is known to
be pessimistic and can be easily validated. Although this approach has often provided
maximum operator flexibility, it is recognised that the application of this standard 'fresh fuel'
assumption to thermal reactor fuel criticality safety assessments may impose considerable
economic burden upon the operation of a nuclear plant. With the current trend towards the
use of high burn-up (HBU) and mixed oxide (MOX) fuels in thermal reactors worldwide, it
has become clear that the magnitude of this financial penalty will increase. Significant cost
savings can be realised if credit is taken in criticality safety cases for the reduction in fuel
reactivity that is known to occur with burn-up.
In the case of the THORP dissolvers, the potential advantages of using burn-up credit were
identified to include: (a) a less restrictive operating envelope for the plant; (b) a reduction in
operating costs e.g. the cost of gadolinium and downstream waste treatment plant costs; and
(c) the ability to process a wider range of fuels e.g. HBU and MOX whilst remaining
competitive. Hence, the challenge for the BNFL criticality safety community has been to
develop a methodology for applying burn-up credit to the criticality safety case for the
THORP dissolvers and demonstrating to the plant operators and Regulators that adequate
margins of safety still exist.

- 6 2 -

JAERI-Conf

3.

99-004

The Development of the Burn-Up Credit Method

In 1991 a BNFL Company wide Burn-Up Credit Steering Group was established to
co-ordinate burn-up credit tasks, identifying and resolving the technical issues related to the
application of burn-up credit. The group which had representatives from transport,
commercial, plant operations and other technical specialists including the criticality safety
community, were given the remit to develop burn-up credit methodology appropriate to
BNFL's operations.
One of the first tasks of the group was to identify the areas where bum-up credit could
potentially be applied and this led to the consideration of the THORP dissolvers.
Subsequently, the group were tasked with the development of the burn-up credit calculational
route and this included identifying and securing the validation evidence required to support
the method (1,2). Furthermore, the 'new' uncertainties in the criticality safety method had to
be defined and accounted for so that they could be justified and clearly explained in the
criticality safety case.
In conjunction with the development of the calculation route itself, it was also identified from
an early stage that there would be a requirement for a robust quantification and verification of
fuel burn-up prior to operations such as shearing of fuel into the dissolver. Although the
development of burn-up monitoring technology has been progressed for some time at BNFL
Sellafield, this has led to further refinements of the burn-up monitor which is now used in the
THORP feed ponds.
It is important to recognise that the development of the burn-up credit method could not be
done in isolation. One of the most important roles of the Burn-up Credit Steering Group was
to understand the perspective of the UK Regulators (Nuclear Installations Inspectorate and the
Department of Environment and Transport) and seek their endorsement where appropriate.
This has been done throughout the development of the burn-up credit method by regular
correspondence and the submitting of trial safety cases to provide early feedback. In addition,
progress with the development has been reported widely in the International criticality safety
community.
4.

The Burn-up Credit Method

The burn-up credit method that has been developed can be summarised as follows. It consists
of performing reactivity calculations for irradiated fuel using compositions generated by an
inventory prediction code, generally in order to determine the limiting burn-up required for
that fuel in a particular environment. In addition, it has always been envisaged that a
confirmatory measurement of burn-up would be required to be made prior to certain
operations such as the shearing of fuel into a dissolver. The burn-up credit method therefore
relies upon three key components of Inventory Prediction, Reactivity Calculation and the
Quantification and Verification of Burn-Up. These are considered further as follows:
Inventory Prediction
One of the key components of the burn-up credit route is the calculation of the spent fuel
inventory. The challenge for the criticality safety community has been to develop an
-
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approach that will take account of all reactor operating parameters (e.g. power,
outages/downtimes, coolant density), in defining a bounding spent fuel composition, which
can also be validated.
The approach that has been developed is to use irradiated fuel compositions generated by the
UK inventory prediction code FISPIN (3). Although in some cases suitable FISPIN
cross-section libraries exist, the option to use the UK codes LWRWTMS and BUDLIA to
prepare a set of burn-up dependant cross-section data for use in FISPIN is also available. The
nuclear data used by FISPIN may consist of up to four components:
(1)

standard burn-up independent data for fission products, providing fractional
independent fission yields, decay constants, decay branching ratios and neutron
absorption cross-sections;

(2)

standard burn-up independent data for heavy nuclides, providing decay schemes and
cross sections for neutron reactions (principally fissions, (n,y) and (n,2n) reactions);

(3)

optional burn-up dependent data for irradiation, providing neutron flux spectra and
flux weighted cross section data for heavy nuclides that will be influenced by the
changing composition of the fuel during the irradiation period;

(4)

optional burn-up dependent data, as above, for fission products, although it is noted
that the major fission product absorption cross sections are assumed to be burn-up
independent.

Inventory prediction validation is typically achieved by comparison of inventory calculations
with chemical analysis data on irradiated fuel samples. However, the existing FISPIN
validation for thermal reactor fuels was limited particularly for HBU and MOX fuels.
Consequently, considerable investment has been made by BNFL in securing the necessary
experimental validation to underpin the burn-up credit calculational route. BNFL has
participated in a number of international experimental programmes (e.g. CERES and
ARIANNE) in which extensive chemical analyses have been performed to support the
prediction of irradiated fuel inventory for those nuclides with specific relevance to criticality
safety (4).
Further confidence in the methods and data is also being gained from participation in
international benchmark programmes, such as the OECD/NEANSC burn-up credit benchmark
which is currently underway.
Reactivity Calculation
Once the irradiated fuel composition has been calculated it is then necessary to calculate the
reactivity. The general methods for calculating k-effective in criticality safety assessments
taking burn-up credit into account is very similar to those already used for 'fresh fuel' cases.
In the UK the genera* criticality calculation tool is the Monte Carlo neutronics code MONK,
which has a very flexible geometry, suitable for a wide range of applications (5).
Furthermore, it is also well supported by geometry visualisation packages such as VISAGE
and VISTA to aid model development.
-
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The main difference in burn-up credit is the use of irradiated fuel inventories and a choice has
to be made as to which nuclides are represented in the reactivity calculation. Two approaches
have been identified as follows:
Actinide Only Burn-Up Credit - this takes account of reactivity changes resulting mainly for
the change in fissile content, along with smaller contributions from the build-up of actinide
poisons (e.g. Pu240), occurring during irradiation. No explicit credit is taken for the build-up
of fission products.
Fission Product Credit - around 90% of the total fission product absorption arise from 15
nuclides, which also have the advantage of being stable and the majority being soluble in
nitric acid. The irradiated fuel can therefore be pessimistically represented by the major
isotopes of plutonium and uranium, coupled with these key fission product absorbers.
At low burn-up (below approximately lOGWd/t) it has been observed that the reactivity
change is dominated by depletion of U235. At higher burn-up (above approximately
30GWd/t) the build-up of plutonium and fission products become increasingly important.
However, for the THORP dissolvers, it was identified that the levels of burn-up required to
demonstrate criticality safety are low, so that the residual U235 content in the fuel dominated
reactivity. Hence, the approach taken was to use Actinide Only Burn-Up Credit.
As noted previously, traditional 'fresh fuel' criticality safety assessments for irradiated
thermal reactor fuel have demonstrated criticality safety by comparison of the calculated
neutron multiplication factor k-effective with a typical safety criterion of k-effective + 3cr <
0.95 - E, where a is the standard deviation associated with the calculation of k-effective and
E represents an allowance for uncertainties in the program, nuclear data, system modelling
and non-optimisation of the system.
For the application of burn-up credit, this allowance has been expanded to include reactivity
effects due to the uncertainties in the fuel inventory prediction during burn-up (E^c.,),
uncertainties arising from the MONK modelling assumptions used in the calculation of
reactivity loss with burn-up (EBUC.M) and uncertainties in the nuclear data for the reactivity
calculation (EB UC . D ). Hence the safety criterion which has been developed and applied to the
THORP dissolvers becomes:
k-effective + 3a < 0.95 - ETRAD - E ^ . , - EBUC.M - EBUC.D
where ETRAD is the traditional allowances for uncertainties.
During the preparation of the criticality safety case to justify continued operation with a
reduced concentration of gadolinium in the THORP dissolver acid, a considerable number of
calculations were carried out. This involved a sensitivity survey to identify the most
important parameters affecting irradiated fuel reactivity and to support the selection of
suitable sub-critical rnargins. Furthermore, when deriving the criticality criteria to be applied
as described above, it was also necessary to quantify the allowances for uncertainties
associated with the burn-up method.
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It is also worth noting that as previously described, BNFL has made a considerable
investment in securing the necessary experimental validation to underpin the various
components of the bum-up credit calculational route. This has included collaborating with
experiments in which samples were inserted into the centre of a critical assembly and the
reactivity worth from the resulting reactor period was measured. Reactivity measurements
have been performed on samples of isolated fission products as well as irradiated fuel
samples.
As with the inventory prediction methods, confidence in the reactivity calculation and nuclear
data is being gained from the OECD/NEANSC international bum-up credit benchmark.
Quantification and Verification of Bum-Up
From an early stage in the development of the bum-up credit method, it was envisaged that
the plant operators and Regulators would require some confirmation of fuel bum-up prior to
fuel shearing operations. The issue of quantification and verification was considered during
the preparation of the criticality safety assessment for the THORP dissolvers and was shown
to be dependent on two key components. In the first instance the customers are required to
declare data linking the estimated bum-up with the fuel element identifier and its location in
the reactor core or storage pond. Hence, a comprehensive identification on the irradiation
history of the fuel can be obtained from operational reactor data.
Secondly, use is made of the bum-up monitor which is located in the THORP feed pond. The
Feed Pond Fuel Monitor (FPFM) is used to assay each fuel assembly that has been selected
for reprocessing. The monitor performs checks on the equivalent U235 post-irradiation
enrichment as well as irradiation and pre-irradiation enrichment. It is noted that the FPFM
performs measurements to comply with the radiological acceptance criteria for the plant and
for accountancy. For each measurement the control system checks against pre-determined
limits and, provided these limits are satisfied the fuel is fed forward en route to the dissolvers.
If the fuel is flagged to breach the bum-up limit then a hard wired interlock prohibits the
feeding of the fuel. Thus, these two components have been demonstrated to provide a robust
technique for the quantification and verification of bum-up.
5.

Conclusions

Since 1991 BNFL has made a significant investment in the development of the bum-up credit
method and the application to its operations. It has recently demonstrated that using this
method for the THORP dissolvers, it is possible to justify operating safely with reduced
neutron poison concentrations and this has now been submitted to the Regulators. The
continued challenges the criticality safety community is facing are to show that we are not
reducing safety levels because we are using burn-up credit. We therefore have to maintain the
confidence of the plant operators and the Regulators in the safety of the operations whilst
providing the operational flexibility required. It is envisaged that further work will be
required to more visibly demonstrate the overall safety benefit of applying the bum-up credit
method to our operations e.g. lower doses and optimum storage in downstream waste
treatment plant.
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Application of Burnup Credit for PWR Spent Fuel Storage Pool
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ABSTRACT
A study on the application of burnup credit for a PWR spent fuel storage pool has been
investigated using a computer code system such as CSAS6 module of SCALE 4.3 in
association with 44-group SCALE cross-section library. The calculation bias of the code
system at a 95 % probability with a 95 % confidence level seems to be 0.00951 by
benchmarking the system for forty six experimental data.
With the aid of this computer code system, criticality analysis has been performed for the
PWR spent fuel storage pool. Uncertainties due to postulated abnormal and accidental
conditions, and manufacturing tolerance such as stainless steel thickness of storage rack, fuel
enrichment, fuel density and box size have statistically been combined and resulted in
0.00674. Also, isotopic correction factor which was based on the calculated and measured
concentration of 43 isotopes for both selected actinides and fission products important in
burnup credit application has been taken into account in the criticality analysis. It is revealed
that the minimum burnup with the corrected isotopic concentrations as required for the safe
storage is 5,730 MWd/tU in enriched fuel of 5.0 wt%.
1. INTRODUCTION
It is known that an application of burnup credit in the spent fuel management is
economically beneficial if the nuclear criticality safety is ensured in the allowable limit.[l] In
some of nuclear power plants, burnup credit has been implemented in storing spent fuel.
In order to set up the methodology for applying burnup credit to spent fuel storage, this
study has been initiated.
Prior to criticality analysis, benchmarking of SCALE4.3 CSAS6 module[2] has been
carried out for UO2 and MOX fuel experimental data.[3] Nuclide (or isotopic) inventories
which are one of the input parameters have been obtained by ORIGEN2 code [4] and then an
isotopic correction factor was determined by comparing ORIGEN2-calculated isotopic
compositions with experimental data available.[5] With the help of SCALE4.3 CSAS6
module, criticality analysis has been performed for the PWR spent fuel storage pool.
2. VALIDATION OF COMPUTER CODES
2.1 Calculation of Isotopic Compositions
Isotopic compositions were calculated by ORIGEN2 code for PWR spent fuel with initial
enrichments from 2.561 to 3.415 wt% and burnups from 6.90 to 44.43 GWd/tU.[5] Isotopic
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correction factors, f, were then obtained on the basis of the calculated and measured
concentrations of 43 isotopes for both selected actinides and fission products(FPs), and is
summarized in Table 1. These factors are expressed for each isotope as [5]
ffissile ~~

-

0a)

~

x - Ts + 1
* non-fissile

=

-

~

7

(lb)

x + Ts +1
where x means the ratio of calculated-to-measured isotopic concentration for a given isotope.
T and s denote the 95/95 tolerance limit factor and the standard deviation, respectively. In
view of the conservative approach, the maximum concentration of fissile isotopes combined
with the minimum concentration of non-fissile isotopes is taken into consideration in
determination of f. The correction factor for 235U is too conservative for low burnup fuel, so
the recommended value by Kurosawa et al.[6] is used to correct its concentration calculated
with ORIGEN2 code.
2.2 Validation of Criticality Calculation Code System
Benchmark calculations for CSAS6 module with a 44-group SCALE cross-section library
were carried out against 46 critical experimental data available and the results are listed in
Table 2. In this Table 2, No. 1-2, No. 3-31 and No. 32-46 represent 2 UO2-Gadolinium, 29
UO2, and 15 MOX fuel, respectively. The calculated values of Keff are tabulated in the fourth
column with standard deviations, and the differences between calculated and experimental
values of keff are given in the fifth column. The standard deviations in the last column include
those of calculations only. It means that ke(T values obtained by experiments are at unity
without corresponding errors. The average value (Ak) obtained by weighting its own
variance is 0.00105. This positive value hints that the code system makes slight
overestimations. The standard deviation (s^) of Ak was obtained to be 0.00506. Finally the
bias was estimated with a one-side tolerance limit factor (2.086) corresponding to a 95 %
probability with a 95 % confidence level for 46 experimental data and is 0.00951 .[7]
3. CRITICALITY CALCULATION
3.1 Calculation Model
The calculation model of the PWR spent fuel storage pool is shown in Fig.l. Assumptions
under consideration in this study are fuel with 4.2 to 5.5 wt% in initial enrichment and about
0.19 cm thick stainless steel boxes with 35.56 cm lattice spacing in the storage rack. The
spent fuel assembly is the 17x17 array from Yonggwang PWR nuclear power plant, and is
assumed to consist of 264 fuel rods and the rest (24 control rod tubes and 1 instrument guide
thimble) filled completely with water. It is also assumed that the moderator is pure and
unborated water with a temperature corresponding to the highest reactivity within the
operating range. The array of storage racks is assumed to be laterally infinite. The temperature
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Table 1. Correction Factors for Isotopic Compositions
Nuclide
2Ji

Data#
9
9
25
25
19
15
3
25
25
25
25
21
15
9
14
3
15
6
6
6
10
9
3
9
3
3
12
6
19
9
12
13
11
12
12
3
3
3
3
3
3
3
3

U

234
235

u

238

u

U
236

U
237
Np
236pu
238

Pu
Pu
240
Pu
241
Pu

239

242pu
241

Am
Am
242
Cm
243
Cm
244
Cm

243

243A Cm l)
79

Se
Sr
"Tc
90

,06Ru
126
125

Sb
Sb

129i
l33

Cs
Cs
135
Cs
l37
Cs
144
Ce
144
Nd
l45
Nd
146
Nd
l48
Nd
l50
Nd
134

H7Apm2)
l48

Sm
Sm
150
Sm
152
Sm

149

151A Sm 3)
l54A S m 4)
1 5 5A EU 5,

(Cal. -Exp .) / Exp.
Std. dev.(s)
Average( X)
-0.112
0.246
0.097
0.057
-0.007
0.035
0.003
0.029
-0.003
0.005
0.094
0.091
-0.181
0.522
-0.072
0.086
-0.008
0.057
0.009
0.035
-0.014
0.072
-0.127
0.057
-0.091
0.077
-0.252
0.161
0.145
0.671
0.260
0.091
-0.292
0.143
-0.056
0.046
5.567
0.348
0.014
0.027
0.045
0.044
-0.063
0.084
3.303
0.094
1.064
0.161
-0.098
0.037
-0.004
0.003
0.002
0.141
-0.229
0.090
-0.018
0.032
-0.083
0.088
0.024
0.022
0.021
0.021
0.028
0.013
0.033
0.009
0.039
0.009
-0.275
0.046
0.022
0.052
0.002
0.132
0.096
0.046
0.204
0.038
0.332
0.124
0.350
0.070
1.094
0.139

Tolerance limit
Factor(T)*

Correction
factor(f)**

3.031
3.031
2.292
2.292
2.423
2.566
7.656
2.292
2.292
2.292
2.292
2.371
2.566
3.031
2.671
7.656
2.566
3.708
3.708
3.708
2.911
3.031
7.656
3.031
7.656
7.656
2.736
3.708
2.423
3.031
2.736
2.671
2.815
2.736
2.736
7.656
7.656
7.656
7.656
7.656
7.656
7.656
7.656

0.61
0.79
1.10
0.94
0.99
0.75
0.21
0.89
1.16
0.92
1.22
0.99
0.90
0.81
0.34
1.78
0.93
0.90
0.13
0.90
0.85
0.84
0.20
0.39
0.84
0.98
0.72
0.91
0.94
0.85
0.92
0.93
0.94
0.95
0.94
0.93
0.74
0.50
0.69
0.67
0.44
0.53
0.32

• T : Tolerance limit factor at a 95 % probability with a 95 % confidence level. [9]
** f is obtained from taking the upper bound of X ± Ts for fissile material and the lower bound for
neutron poisonous material (non-fissile material).
'>

243

Crn+ 244 Cm, 2)

147

Prn+ 147 Sm, 3)

151

Srn+151Eu, 4> 154Srn+154Eu+154Gd, 5> 155Eu +

-
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Table 2. Benchmark Calculation Results of SCALE4.3 CSAS6 Module
Enrichment

No.

Case Name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

BNW1810B
BNW1810C
BNW1810A
BAW1231A
BAW1231B
P2615X14
P2615X23
P2615X31
P2827L2B
P2827U2B
P3314A
P3314B
P3602B4
P3602C4
P3602NON
P3602S4
P3926L4A
P3926NOB
FT214R
FT214V3
P4267A
P4267B
P4267C
P4267D
ANS33BB2
ANS33BH2
ANS33BP2
ANS33H2
SAXU56
SAXU792
WCAP3269B
EPRI70B
EPRI70UN
EPRI87B
EPRI87UN
EPR199B
EPRI99UN

38
39
40
41
42
43

SAXTON52
SAXTON56
SAXTN56B
SAXTN735
SAXTN792
SAXTN104
P5803X21
P5803X32
P5803X43

44
45
46

Average

(wt%

23S

Calculation

U)

4.02 (4 wt% Gd)
4.02 (4 wt% Gd)
4.02
4.02
4.02
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.31
4.742
4.742
4.742
4.742
5.742
5.742
5.742
UO 2 - 98, PuO 2 - 2
235
U-0.711 +
239
Pu-91.835 +

UO 2 -93.4, PuO 2 6.6, 2 3 S U-0.711 +
239
Pu- 90.49

UO 2 -22.41, PuO277.59,235U-0.485 +
239
Pu-17.125+241Am

kcff

s

0.99715
0.99779
0.99887
0.99765
0.99612
0.99652
0.99771
0.99827
1.00929
0.99878
1.00554
1.01018
1.00146
0.99097
1.00070
1.00173
1.00926
0.99934
0.99937
0.99913
0.99794
1.00100
0.99698
0.99315
1.00730
1.01209
0.99683
0.99973
0.99783
0.99744
.00127
.00321
0.99988
.00587
.00328
.00504
.00821

0.00154
0.00152
0.00135
0.00175
0.00138
0.00159
0.00163
0.00172
0.00092
0.00095
0.00177
0.00152
0.00193
0.00132
0.00161
0.00158
0.00175
0.00163
0.00177
0.00142
0.00127
0.00154
0.00131
0.00154
0.00113
0.00130
0.00136
0.00155
0.00241
0.00194
0.00155

1.00261
0.99991
0.99726
1.00143
1.00429
1.00318
0.99761
1.01001
1.00404

(Ak ±

0.00105 ±

-
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Ak
(Cal. - Exp.)

S

Ak

0.00154
0.00152
0.00135
0.00175
0.00138
0.00159
0.00163
0.00172
0.00092
0.00095
0.00177
0.00152
0.00193
0.00132
0.00161
0.00158
0.00175
0.00163
0.00177
0.00142
0.00127
0.00154
0.00131
0.00154
0.00113
0.00130
0.00136
0.00155
0.00241
0.00194
0.00155

0.00157
0.00127
0.00270
0.00270
0.00241
0.00291

-0.00285
-0.00221
-0.00113
-0.00235
-0.00388
-0.00348
-0.00229
-0.00173
0.00929
-0.00122
0.00554
0.01018
0.00146
-0.00903
0.00070
0.00173
0:00926
-0.00066
-0.00063
-0.00087
-0.00206
0.00100
-0.00302
-0.00685
0.00730
0.01209
-0.00317
-0.00027
-0.00217
-0.00256
0.00127
0.00321
-0.00012
0.00587
0.00328
0.00504
0.00821

0.00262
0.00198
0.00283
0.00182
0.00312
0.00227
0.00148
0.00173
0.00262

0.00261
-0.00009
-0.00274
0.00143
0.00429
0.00318
-0.00239
0.01001
0.00404

0.00262
0.00198
0.00283
0.00182
0.00312
0.00227
0.00148
0.00173
0.00262

0.00506

0.00157
0.00127
0.00270
0.00270
0.00241
0.00291
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coefficient of reactivity is positive, reaching the maximum in the reactivity at 120°C. From a
conservative point of view, the temperature, as was taken here in this analysis, was 120°C.
The fuel assembly is assumed to be normally located in the center of the storage rack cell.
Manufacturing tolerances and abnormal condition such as eccentric position are listed in
Table 3. Manufacturing tolerances in water gap spacing, SS thickness, fuel enrichment and
fuel density and box size are taken from a conservative approach. Calculations were also for
the fuel assemblies in the corner of the storage rack cell (four-assembly cluster at the closest
approach).
Generic analysis results of the axial burnup effect have been reported, based upon
calculated and measured axial burnup distributions. According to the Turner's report[8],
axially homogeneous burnup distribution approximation is acceptable for fuel with burnups
less than or equal to 30 GWd/tU. Therefore, no correction of the axial distribution effect is
needed for the burnup range of interest considered in this study.
3.2 Maximum Keff Determination
The criterion establishing acceptability of the spent fuel storage racks requires the
inclusion of uncertainties to assure that the maximum keff including uncertainties is less than
0.95 [10] with a 95 % probability at a 95 % confidence level. The maximum keff, keff(max), can
be written as follows :
=k cal +Ak b +Ak u

--(2)

in which kefI(max) is the maximum reactivity with an infinite lateral array of spent fuel in
storage cells, kcal is the calculated reactivity, and Akb is the bias from the benchmark
calculations, Aku is the combined effect of all uncertainties. The effect of all reactivity
uncertainties, statistically combined, is calculated by the following equation:
Aku =(Akg +Ak t +Aken +Ak,+Ak e c ) 1 / 2

--(3)

in which Akg, Ak t , Aken, Ak^and Akec are the uncertainties in water gap thickness, the
box wall thickness, enrichment, fuel density and the eccentric positioning, respectively.
4. RESULT AND DISCUSSIONS
Uncertainties due to the postulated abnormal and accidental conditions, and manufacturing
tolerance are listed in Table 3. Akeff was obtained from the addition of 1.65s to the difference
between keff calculated in consideration of manufacturing tolerance together with the eccentric
position and reference keff. All Ak's have statistically been combined in Eq. (3) and the result
is 0.00674 as shown in Table 3. Putting the calculated keff, the calculation bias of 0.00951 and
total uncertainty of 0.00674 into Eq. (2) yields the maximum keff for the enrichment of interest.
For 4.2, 5.0 and 5.5 wt% enrichment fuel, the maximum keff as a function of burnup is
shown in Figs. 2 and 3. The quoted error bars in these figures represent two standard
deviations in criticality calculations. The solid lines were obtained by a least-squares fitting of
-
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0.190±0.018cm

t

Fuel

Water filled

Water gap
12.954±0.152cm

22.225±0.064 cm

35.560±0.203cm

Fig. 1. Geometric Model of PWR Spent Fuel Storage Cell.

Table 3. Reactivity Uncertainties Due to Manufacturing Tolerances and Eccentric Position
Case

Tolerance

Keff

s

Akeff

Reference

-

0.96525

0.00085

-

Water gap
spacing

- 0.2032 cm

0.96613

0.00090

+0.00292

SS thickness

-0.0127 cm

0.96571

0.00084

+0.00243

Fuel enrichment

+ 0.05 %

0.96627

0.00085

+0.00300

Fuel density

+ 0.2 g/cm3

0.96610

0.00102

+0.00304

Eccentric position

-

0.96642

0.00119

+0.00358

Statistical sum
[root mean
square]

0.00674

- 7 3 -
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Fig. 2. Keff as a Function of Burnup for 4.2, 5.0 and 5.5 wt% Initial
Enrichments Using Non-Corrected Isotopic Compositions.
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Fig. 3. KefT as a Function of Burnup for 4.2, 5.0 and 5.5 wt% Initial
Enrichments Using Corrected Isotopic Compositions.
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point-wise calculated values. Fig. 2 shows that 5 wt% fuel in initial enrichment seems to be
safe in burnup higher than 1,000 MWd/tU which is much lower than the value using corrected
isotopic compositions, 5,730 MWd/tU as shown in Fig. 3. Therefrom, the minimum burnup
for the enrichment of consideration is determined so that the maximum reactivity for the spent
fuel storage pool is less than 0.95 with a 95% probability at a 95% confidence level, including
calculation bias and all the uncertainties.[10,11]
The minimum burnup for safe storage of PWR spent fuel as a function of initial
enrichment is shown in Fig. 4. The minimum burnup with corrected isotopic concentrations
required for safe storage seems to be 5,730 MWd/tU in 5.0 wt% enriched fuel. For
Comparison, the result for the selected actinides only is included in this figure. As expected,
this result is higher than that of selected actinides and FPs.

10000

Actinide Only ;
9000 -

Acceptable Region

•a

8000 -

£

7000 Actinide + FPs

'3
O"
<D

QC

6000

Q.

|
CO

5000

3

4000

c
2

3000

Unacceptable Region

2000

r

i

i

i

i

4.00

4.20

4.40

4.60

4.80

•••"

5.00

i

i

5.20

5.40

i"1

5.60

Initial Enrichment(wt%)
Fig. 4. Minimum Burnup Required for Safe Storage Using Corrected Isotopic
Compositions.

4. CONCLUSIONS
A Computer code system, CSAS6 module of SCALE4.3 has been validated by benchmark
calculations for the available experimental data and then applied to perform criticality
analyses for taking a burnup credit in the spent fuel storage pool.
-
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The analysis method obtained in the course of this study finds an application of the burnup
credit for spent fuel storage. However, an improvement of the accuracy by the analysis
method remains to be determined considering the reliability of input data such as isotopic
compositions and nuclear constants for spent fuel.
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ANALYSIS OF REACTIVITY EFFECT OF FISSION PRODUCTS
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Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, JAPAN

1. Introduction
Considering burnup credit for criticality safety analysis is one of the most important topics in
storage and transport of spent nuclear fuels (SF). In many countries, only actinide is considered
in the burnup credit evaluation. The reactivity decrease caused by accumulation of FP should be
dealt with in the next stage of burnup credit. It is because the higher initial enrichment more than
5% of a fresh fuel is planned, then, the value of burnup of SF will become higher than now.
This means that the effect of accumulation of FP can not be negligible for the criticality analysis
ofSF.
The problem when considering FP in the burnup credit evaluation is accuracy of burnup code
about calculation of the amount of FP in SF. First step for " burnup credit with FP" is evaluation
of burnup code about FP analysis. However, it is difficult to do it. This problem results from
few Post Irradiation Examinations (PIE) data of FP. Detecting the gamma ray is not suitable to
measure important FP from the view point of reactivity calculation, since they have long half
life or are stable. Moreover, PIE conducted in many facilities have been focused to the
amount of actinide.
JAERI has PIE project focusing criticality control of SF from light water reactor. It has
started from 1991 under the entrustment of Science and Technology Agency of Japan, in
cooperation with Japanese utilities [1]. 16 samples were cut out from two PWR assemblies
(17 X 17 type). 11 samples are from UO2 fuels and 5 samples from UO2-Gd2O3 fuel. Some
isotopic composition data were already analyzed using SWAT [1][2]. Most important features
of this PIE are measurement of isotopic composition of samarium isotopes for six dissolved
samples. As shown in this study, samarium isotopes play important part in decrease in reactivity
of SF. In this work, following topics will be presented.
1.
2.
3.

Analysis of reactivity effect by FP for several burnup steps and cooling time to give us
basic information about importance of FP in burnup credit,
Current status of PIE data that is already opened,
Latest PIE activity carried out by JAERI, and

Parts of this work were carried out by JAERI under an entrustment from Science and Technology Agency of Japan, in cooperation with
Japanese utilities.

-
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Example of analysis of PIE at JAERI.

In the analysis of PIE, not only SWAT but also new libraries [3] for ORIGEN2 based on JENDL3.2 is used.
2. Importance of Fission Products
Actinide-only burnup credit is ready to start now in some countries. However this system will
face difficult problem. The problem is the increase of initial enrichment of uranium-235 over 5%
. In the ANS annual meeting in June 1998, in Nashville, one session was held about uranium
initial enrichment over 5 % [4]. In the case, there is a possibility that actinide-only burnup credit
is difficult to apply in low burnup, without FP.
Many FP exist in spent fuel, however, it is not realistic that all of FP are considered in the
evaluation of reactivity of spent fuel from the conservative point of view. Table 1 shows the list
of FP which have large reactivity importance in spent fuel, these were selected in NEA/burnup
credit criticality benchmark activities and in Japanese criticality safety handbook - revision 2.
Table 1 Important Isotopes for Burnup Credit
Isotope
Mo95
Tc99
Ru101
RM03
Ag109
Cs133
Nd143
Nd145
Sm147
Sm149
Sm150
Sm151
Sm152
Eu153
Gd155

T-half
Stable
2.10E6y
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
90y
Stable
Stable
Stable

Capture(b)
4.231E+00
8.217E+00
2.942E+00
3.440E+01
3.827E+01
9.830E+00
2.321E+01
8.124E+U0
2.259E+01
5.749E+03
9.766E+00
6.332E+02
6.492E+01
5.330E+01
1.938E+03

Japanese Crit icality Safety Handbook

g/MTU at
30GWd/t

Storage and Transport

6.05E+02
7.44E+02
7.19E+02
3.88E+02
6.84E+01
1.08E+03
7.94E+Q2
6.55E+02
6.45E+01
2.31E+00
2.64E+02
1.19E+01
1.18E+02
9.30E+01
4.07E-02

Dissolut ion and
Purification

o
o

X
X

o

X

o
o
o
o
o
o

o
o
o

o
o
o

O
O

o
o
o
o

The reasons of selection of these fission products are following.
1.
2.
3.

Large reaction rate, this depends on an amount of FP and cross section,
Long half lives of themselves or parent isotopes,
Non-volatile.

Second and third points are to assure that these FP exist in spent fuel. Figure 1 shows
contribution to reactivity decrease by each FP. These values are calculated using JENDL-3.2
-
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library.

Reactivity of FP
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Figure 1 Contribution of Each FP to Decrease in Reactivity

At first, samarium-149 (Sm-149) is a main contributor, and as increasing of burnup, the
contribution from rhodium-103 (Rh-103) and neodymium-143 (Nd-143) grows up. Comparing
Sm-149 or Nd-143, Sm-151 and Sm-152 have smaller reactivity effects.
Figure 1 indicates that Sm-149 and Nd-143 are first candidates for including in the burnup
credit.
3. Current Status of PIE data for Fission Products
Important problem of burnup credit system with FP is how we can estimate the amounts of FP.
There are two methods to estimate it. First one is to use recommended value of the amounts of
FP as a function of burnup based on isotopic composition data obtained from PIE. Shortcomings
of this method are less flexibility, since isotopic composition depends on the type of fuel
assembly. The other is to use calculation code. This method has more flexibility than the case
of recommended value. However, we need evaluation of code and library about the calculation
of amount of FP. In every event, we need post irradiation examination data focusing on FP.
JAERI is developing spent fuel isotopic composition data base (SFCOMPO), on world wide
web (WWW ) for searching PIE data. Table 2 presents list of data stored in SFCOMPO. No
PIE data for important FP in reactivity estimating are listed except Nd-143 and Nd-145 in
SFCOMPO. This means that to obtain PIE data for PF is one of the most important activities for
the way to the burnup credit with FP.
4. JAERI's PIE Activity
In order to collect PIE data and to develop the methodology of criticality control of spent fuel
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from light water reactor, JAERI has a research project entrusted by science and technology
agency of Japan, in cooperation with Japanese utilities. In this project, two PWR 17x17 type fuel
assemblies are examined. The data from this type of fuel are not yet opened now in the world.
Table 2 List of PIE data in SFCOMPO
Weight(g)/ITHM
U-232,233,234,235,236,238
Total-U
U-235 depletion
U-238 depletion
U-236 buidlup
Pu-236,238,239,240,241
Total-Pu

Np-237
Am-241
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246

Ratio of Weight
U-235/U-238
U-236/U-238
U-235/Total U
U-236/Total U
U-238/Total U
(U5/T- U)/(U5/T-Uinit)
Pu-239/U-238
Pu-240/Pu-239
Pu-241/Pu-239
Pu-242/Pu-239
Pu-239/Total-Pu
Pu-240/Total-Pu
Pu-241/Total-Pu
Total Pu/Total U

Activity

Ratio of Activity

Am-242/Am-241
Am-243/ Am-241

Nd-143/Total Nd
Nd-144/Total Nd
Nd-145/Total Nd
Nd-146/TotalNd
Nd-148/Total Nd

Ce-144
Ru-106
Cs-134,137
Eu-154
Sb-125
Kr-83/Kr-86
K^84/Kr 86
Kr-85/Kt-86
Xe-131/Xe-134
Xe-132/Xe-134
Xe-136/Xe-134
Cs-134/Cs-137
Eu-154/Cs-137
Cs-137/U-238

Table 3 Specification of JAERI's PIE Activities
SF95
PIE Campaing
17X17
Assembly Type
UC2
Fuel Type
5
Number of DA Samples
Burnup Range (GWd/tU) 14.7-38.0

- 8 0 -

SF96
17X17

SF97
17X17

UC2- Gd2O3

UC2

5
8.0-30.0

6
18.0-48.3
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Table 3 shows that destructive analysis called SF95, 96, and 97 series were undertaken in the
project. Sixteen samples were cut out from fuel rods of the fuel assemblies. The burnup values
are varied from 8 to 48 GWd/t.
An important feature of these PIEs is measurement of isotopic composition of samarium isotopes
(in SF97 Campaign). As shown in Table 1 and Figure 1, samarium is one of the most important
isotopes from the view point of the reactivity evaluation. However, only few data have been
opened to the world. The difficulty of measurement of isotopic composition of samarium
isotopes is that detecting activity cannot be utilized since many of them are stable. In SF97
Campaign, Sm-147, 148, 149, 150, 151, 152, 154 are measured by mass spectrometry.
5. Analyses of PIE Data
In this section, examples of evaluation of code and library are shown. We develop burnup code
system SWAT [1][2]. This is a combined code system SRAC95 [5] and ORIGEN2.1 [6]. With
SWAT, we can analyze burnup problem using region-depend neutron spectrum and effective
cross section. Some reports have published from Tohoku University and JAERI. The other
system is ORIGEN2.1-JNDC [3], which is fixed version of ORIGEN2.1. This is the system
including new cross section libraries [3] based on JENDL-3.2[7] and second version of JNDC
FP library [8]. The cross section libraries are byproducts of SWAT. Using ORIGEN2.1-JNDC,
we can obtain equivalent results with SWAT for actinide. For FP, constant cross section is given.
This situation is the same with the case of ORIGEN2.1.
We will focus on the calculation of fission products. Results of calculation about fission
products are shown in Figure 2. Good results are presented for these isotopes, except
antimony-125 (Sb-125) and ruthenium-106 (Ru-106). For antimony and ruthenium, a problem
of experiment exists, which comes from a difficulty of dissolution of them in the nitric acid.
Special importance should focus on excellent results of Nd-143. This is an important
isotope for reactivity calculation.
Figure 3 shows the analysis results for Sm isotopes. As this figure shows, deviations varied
from -20 % to + 20 % are shown. These values are larger than the case of previous fission
products. The reason of these larger deviations is dependancy of cross section on burnup value.
As we described, for fission products isotopes, we cannot consider the burnup dependency of
cross section in ORIGEN2.1-JNDC. Now we are checking this points using SWAT.
Figure 4 indicates preliminary results by SWAT about samarium isotopes. Sm-149, Sm-150,
and Sm-151 are improved using SWAT. For Sm-152, comparable results with
ORIGEN2.1-JNDC are obtained. Sm-147 and Sm-148 become worse, however, the
importance of Sm-147 is less than Sm-149. Figure 4 concludes that SWAT has improved
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accuracy for the calculation of important samarium isotopes from the view point of burnup
credit.

ORIGEN2.1-JNDC(ORLIBJ32:PWR41J32)
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Figure 2 Results of Analysis for FP using ORIGEN2.1-JNDC
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Figure 3 Results of Analysis for Sm Isotopes using ORIGEN2.1-JNDC
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Figure 4 Results of Analysis for Sm Isotopes using SWAT

6. Conclusion
This study was pointed out that fission products will play important role in next burnup credit.
However, isotopic composition data of fission products are scarce. JAERI carries out post
irradiation examinations (PIE) in order to develop criticality safety methodology of spent
nuclear fuel system. New code system SWAT and ORIGEN2.1-JNDC are developed to predict
isotopic composition of spent fuel. These codes are evaluated for the accuracy of calculation.
Some results of analysis of PIE data show large discrepancy. However, for some important
isotopes(Nd-143,Sm-149,150,151,152), satisfactory results are obtained using SWAT or
ORIGEN2.1-JNDC.
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SCOPE OF STACY EXPERIMENTS FOR CRITICALITY BENCHMARK DATA
ON LOW ENRICHED URANIUM AND PLUTONIUM SOLUTION SYSTEM
Yoshinori MIYOSHI
Criticality Safety Laboratory, Department of Fuel Cycle Safety Research
Japan Atomic Energy Research Institute
2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken, JAPAN

ABSTRACT
The Static Experiment Critical Facility, STACY was constructed in the Nuclear Fuel Cycle
Safety Engineering Research Facility, NUCEF of the Japan Atomic Energy Research Institute in
order to produce the fundamental critical data of uranyl nitrate solution, plutonium nitrate solution
and their mixture. A series of experiments using single core tank have been performed using 10%
enriched uranyl nitrate solution since the first criticality in 1995.
Benchmark data of STACY are now used for verification of Japanese criticality safety code
system and nuclear data libraries. Kinetic parameters, temperature coefficients and reflector effects
of structural material are also measured using single homogeneous core. It is on schedule to make
experiments for neutron interaction effect and for simulating the dissolving process with a
heterogeneous core using low enriched uranyl nitrate solution. After these experiments, systematic
critical and subcritical experiments on plutonium nitrate solution will start in five years. This
paper reviews the main results of STACY since the initial criticality and describes the criticality
properties of the experimental cores in the future program.
I.

INTRODUCTION

Criticality information is most necessary for the safety design and operation of nuclear fuel
cycle facilities.

Extensive experimental studies are especially needed for compilation of

criticality safety data of fuel solution which are handled in the fuel reprocessing plant. For
assuring the criticality safety design method, validation of the calculation codes and nuclear data
library is necessary by experimental data of high quality.

Taking account of this requirement,

the Static Experiment Critical Facility, STACY which was constructed to accumulate
fundamental criticality data on uranyl nitrate solution, plutonium nitrate solution and their
mixture for verification of calculation codes for criticality safety.

Main research subjects of

STACY are as follows:
* This work was carried out by Japan Atomic Energy Research Institute under the auspices by the Science
and Technology Agency of Japan.
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1) Measurement of systematic critical data of nitrate solution to evaluate the reliability of
criticality safety codes and safety control methods.
2) Measurement of kinetic parameters such as effective delayed neutron fraction, prompt
neutron life time and reactivity coefficients.
3) Development of criticality safety control method by testing
technique and

subcriticality measurement

by demonstrating the reactivity effect of neutron absorbers.
II.

EXPERIMENT PARAMETERS

Experimental cores of STACY are classified into homogeneous and heterogeneous systems.
In the homogeneous system, single core tank is installed for measuring basic benchmark data
such as critical solution height, reactivity effect of reflector and neutron poison and temperature
change. Two core tanks are installed for measuring the basic characteristics of neutron
interaction effects. Distance and specification of shielding materials between two tanks are
changed during this experiment. The reactivity effect from one core to another is evaluated from
the change of critical solution height. Shapes of core tanks are cylinder and slab of which
sizes are adjusted for fissile material and concentration. In the heterogeneous system, an array
of UO2 rods is immersed in uranyl nitrate solution. Volume ratio of fuel solution to fuel rod of
unit cell corresponding to lattice pitch, concentration of fuel and neutron poison, and temperature
are dominant critical parameters. Outline of STACY facility is shown in Figure 1. Schematic
view of experimental core is shown in Figure 2. Experimental parameters of STACY are
shown in Table 1. The maximum concentrations of uranyl nitrate solution and uranium-plutonium
mixture are 500 gU/1 and 300g(U+Pu)/l, respectively.
III. REVIEW OF EXPERIMENTS AND ANALYSES
(1) Measurement of Criticality Condition
Systematic criticality experimental data on 10 % enriched uranyl nitrate solution for single
core system have been accumulated by using cylindrical and slab tanks since its initial criticality
on February 23 1995. Critical solution level, neutron flux distribution and material buckling
were obtained by changing the uranium concentration between 225 gU/1 and 460 gU/1.
Measurement items and methods are listed in Table 2. The cylindrical tank was 59 cm in
diameter and 150cm in height. The thickness and width of the slab tank were 28 cm and 69 cm,
respectively. The variation of critical solution heights in cylindrical and slab tanks is shown in
Figure 3.
These data are utilized at first for evaluating the calculation error in multiplication factor of
JACS system which includes a multi-group Monte Carlo Code KENO-IV and 137-group MGCL
library based on ENDF/B-IV. This is the combination of calculation code and nuclear data
-
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library for determining the subcritical limit for criticality safety design

which the first version

of Japanese Criticality Safety Handbook adopted. The calculation results of multiplication factor
for water reflected cylindrical core are shown in Figure 4.

All the calculated multiplication

factor are larger than the subcritical limitation value of 0.973.

Some comparison were

performed with SRAC code system developed at the Japan Atomic Energy Research
Institute^ AERI) and a continuous energy Monte Carlo Code MCNP 4A using JENDL3.2 and
JENDL3.1.
(2) Kinetic parameters
Kinetic parameter such as the ratio of B eff / 1 (]3 eff : effective delayed neutron fraction, 1 :
prompt neutron life time) is a dominant parameter which determines the transient characteristics
at a criticality accident. Few experimental data of kinetic parameter of low enriched uranyl
nitrate solution are reported. The measurements of )3 eff / 1 for water reflected and
unreflected cores have been made by using the pulsed neutron method and the reactor noise
method. The Change of j3 eff/1 with uranium concentration for water reflected cylindrical core
is shown in Figure 5. Calculations were also performed using perturbation method by a
diffusion code CITATION with 16 group cross section based on JENDL 3.2 data library. jS eff
is also independently evaluated by a newly developed semi-empirical method, which utilizes the
experiment and calculation results of reactivity-buckling conversion coefficient of the core.
(3) Temperature coefficients
Temperature coefficient, another dominant parameters for accident analysis was measured for
a cylindrical tank of 60 cm in diameter from the variation of critical solution height with fuel
temperature. The fuel temperature is changed from about 25"C to 40 'C. The reactivity
change with the temperature of fuel solution is shown in Figure 6. From the analyses using a
perturbation code CIPER, it was assured that the contribution due to absorption change is
positive, and other components due to production, scattering and leakage are all negative.
Measurement of temperature coefficient for a larger scale cylindrical core of 80 cm in
diameter will be made next year.
(4) Reflector effects of Structural material
Ordinary concrete and polyethylene which occurred in the reprocessing plant as structural
material have reactivity effects on the adjacent tank or equipment containing fuel solution.
Reactivity effects of these structural materials were evaluated by differential level worth method
for both cylindrical and slab geometry in reference to the unreflected core. The thickness of
concrete and polyethylene, the boron content of the borated concrete were changed
parametrically. The variation of critical solution heights with reflector thickness is shown in
Figure 7.
-
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In the criticality safety design model, the reflector factor which characterizes the dependence
of reactivity on the thickness is important to determine the sufficient thickness of the reflector.
The measured characteristics of reactivity effect indicate that the evaluation method of the
reflector factor is available for ordinary concrete and polyethylene.
IV. FUTURE

PROGRAM

1. Experiments on low enriched uranyl nitrate solution
(1) Neutron interaction effects in multiple unit system
Criticality safety should be confirmed not only for single unit but for multiple unit system.
It is essential to evaluate the reactivity increase due to the neutron interaction effect from one
unit to another. Experiments using two identical slab tank using 10% enriched uranyl nitrate
solution will be performed in fiscal 1998 and 1999 year. Two core tanks of 35cm in
thickness, 70cm in width and 150cm in height are placed in different distance in the air and
water. By changing the thickness of the structural materials such as concrete and polyethylene
which are placed between two tanks, the reactivity increase due to adjacent core tank will be
measured precisely. From the dependence of reactivity increase on the thickness, it is
possible to evaluate the isolation thickness for each material in which one unit has no reactivity
effect on another unit. Calculation result of the dependence of the critical solution height on
the distance between two slab tanks is shown in Figure 8. Experiments for asymmetric
system in which one tank has smaller reactivity than another are also performed by placing a
cadmium plate on one tank. The power or fission ratio of one tank to another and flux
distribution will be measured in order to verify the calculated fission ratio by the Monte Carlo
code.
(2) Simulation of dissolving process in Heterogeneous core
There are few experimental data related to the dissolving process of light water fuel rods.
Experiments using heterogeneous core tank in which an array of PWR fuel rods is immersed in
6% enriched uranyl nitrate solution will start in 2000 FY. This experiments are conducted for
simulating the dissolving process in which concentration of fissile material, volume ratio of fuel
solution to fuel rod change widely. The lattice pitches of fuel rods in the heterogeneous region
are 1.5, 2.1 and 2.5cm.
The calculated infinite multiplication factor with uranium
concentration for three different lattice pitch is shown in Figure 9. The critical solution height
will be measured by changing fuel concentration for each array. Reactivity effect of soluble
poison such as gadolinium nitrate will be demonstrated for typical core configuration. Critical
and subcritical measurements are also planed for homogeneous core containing 6% enriched
uranyl nitrate solution using a cylindrical tank of 80cm in diameter.
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Experiments on plutonium nitrate and uranium/plutonium mixture
Since the minimum critical mass and delayed neutron fraction of plutonium solution are
smaller than those of uranium solution, the reliability of calculation code is required more
severely. Critical experiments on plutonium solution system will start in 2003 FY.
The experimental range of plutonium concentration is from 5g/l to 300 gPu/1. Three
cylindrical tanks of 40, 60 and 100 cm in diameter will be used to obtain the benchmark data for
the single core configuration. The variation of critical solutions height for these cylindrical
tanks is shown in Figure 10. The content of plutoinum-240 is about 25% which corresponds
the composition of high burn-up LWR fuel rod. Main parameters are concentration of
plutonium and uranium, acid molarity and concentration of soluble poison.
From the view point of criticality safety of LWR fuel cycle, more benchmark data on low
plutonium enriched solution are needed. The safety limitation value of neutron multiplication
factor for uranium and plutonium mixture is the lowest among the classified groups in the
Japanese Criticality Safety Handbook.
There are some remarkable features of plutonium nitrate. Neutron spectrum in the plutonium
nitrate solution system is predicted to become harder in the range of high concentration
compared with uranium solution system. Therefore, it is expected that the reactivity effect of
neutron absorber becomes smaller with increasing plutonium concentration.
There are some possibility that plutonium solution has positive temperature reactivity
coefficient when the concentration is very low and non 1/v neutron absorber such as
gadolinium is contained. Temperature coefficients calculated with a neutron transport code,
TWOTRAN for cylindrical cores are shown in Figure 11. For the plutonium solution, the
minimum critical concentration is also important for the storage tank in which concentration
should be monitored for the criticality control.
V. SUMMARY
The experiment results with STACY will be compiled into an overall database including
critical and subcritical properties of fuel solution system, which is expected to be helpful for
developing the criticality safety evaluation system and criticality safety control method.
REFERENCE

1. Y. Miyoshi et al., "Reactor Physics Tests and Analyses for a Cylindrical Core with STACY", Proceeding
of International Conference on the Physics of Reactors, PHYSOR96, L100 (1996)
2. Y. Miyoshi et al., "Critical Experiments on 10% Enriched Uranyl Nitrate Solution using 60-cm Diameter
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Table 1

Parameter range of STACY

Homogeneous system

Experimental
core

Basic core

Cylinder : Diameter < 60 cm
Slab
: Thickness < 35cm
Width = 70cm
U/Pu nitrate mixture
Concentration < 300 g/1
Pu enrichment <100 %
240

Reflector
Absorber

Uranyl nitrate
Concentration < 500 g/1
235
U enrichment : 6%

Pu content: 5-25%

PWR type fuel rod
U enrichment : 5%
Rod number : 50-500
Volume ratio : 1.9-15
Water, Concrete, Polyethylene Water, Concrete, Polyethylene Water
Cadmium, Borated concrete
Hafnium, Cadmium
Gadolinium
Gadolinium
Borated concrete
Boron
Z3S

Table 2
No.

Heterogeneous system

Interaction core

Cylinder : Diameter < 100cm
Slab
: Thickness < 50cm
Geometry
Width = 70cm
Uranyl nitrate
Fuel solution Concentration < 500 g/1
23S
U enrichment : 10%,6%

Fuel rod

99-004

Item

Measurement items and methods of STACY
Method

1

Critical height

Inverse multiplication

2

Kineticparameter(l) /Jeff/1 Pulsed neutron method
Reactor noise method

3

Kinetic parameter(2) )3 eff

4
5

Temperature coefficient
Reflector effect

6

Neutron flux

7

Subcriticality

8

Reactor power

Instrumentation
Digital Reactivity Meter(DRM),
B10, He3 counter
Pulsatoron, B10 counter,
Multichannel sealer (MCS)
FFT, Data Recorder, CIC

Buckling conversion method
DRM
Bennett method
B10, He3 counter, MCS
Solution level worth method
DRM
Solution level worth method
DRM
Activation of gold wire
NaI(Tl) scintillation counter
Position sensitive proportional counter PSPC, Multiparameter system
Scanning of neutron detector
Counter driving system
Pulsed neutron method
Pulsatoron, B10 counter, MCS
Reactor noise method
FFT, Data Recorder, CIC
High energy gamma method
Ge(Li) detector, NaI(Tl), MCA
Source jerk method
Am-Be source, B10 counter, MCS
Neutron source introduction method Am-Be source, B10 counter, MCS
Gamma activity of FPs and Np239
Ge(Li) detector, MCA
NaI(Tl), (l-y coincidense
Activation of gold foil

- 9 0 -

JAERI-Conf

99-004

Gaseous waster
treatment system

Reflector water
reserve tank

Solution adjustment
facility

Solution pumping station glovebox
Reflector
fill pump

Figure 1.

Outline of STACY facilities and flow diagram
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( 1 ) HOMOGENEOUS CORE
Figure
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Schenmatic view of homogeneous and heterogeneous core
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Figure 3. Variation of critical solution heights in cylindrical and slab tanks
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Figure 5. Variation of kinetic parameter for 10% enriched
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PRESENT STATUS OF JAPANESE CRITICALITY SAFETY HANDBOOK*
H. OKUNO
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195
ABSTRACT
A draft of the second edition of Nuclear Criticality Safety Handbook has been finalized,
and it is under examination by reviewing committee for JAERI Report. Working Group
designated for revising the Japanese Criticality Safety Handbook, which is chaired by Prof.
Yamane, is now preparing for "Guide on Burnup Credit for Storage and Transport of Spent
Nuclear Fuel" and second edition of "Data Collection "part of Handbook. Activities related to
revising the Handbook might give a hint for a future experiment at STACY.
1. Introduction
The main objective for preparing Japanese Criticality Safety Handbook has been its
utilization to the commercial reprocessing plant, which is now being built in Rokkasho-mura.
The first edition of the Handbook(1) was used for the safety review made from 1989 to 1991.
As the Rokkasho Reprocessing Plant is expected to start operation in 2003, the objective has
shifted to supply useful information for criticality safety control of the Reprocessing Plant.
The second objective, or target that increases importance recently is interim storage of
spent nuclear fuel. It was announced in this year by a consulting committee of Ministry of
International Trade and Industry, MITI, that interim storage facilities should be operated from
around 2010. From this information, we can readily infer that the safety review will be made
from 2006 to 2007. Therefore, the safety regulations should be prepared, probably from 2001
to 2005. It is not so later anyway.
There have been three chairs of the Working Group. Prof. K. Nishina worked as chair
for 7 yearr, (FY1988 - FY1994). Four Working Subgroups were set up. Subgroup #1 treated
essentially criticality data; Subgroup #2: modelling of fuel system; Subgroup #3: criticality
accidents and alarm system; and Subgroup #4: criticality safety margins in chemical processes.
Supplementary Report published in 1995 was the main attainment of the Working Group and
Subgroups.
A new Working Group started from FY1995, replacing the former Working Group and
Subgroups. Dr. Y. Nomura became a chair of the new Working Group. A draft of the second
edition was finalized by the Working Group. STACY and TRACY experiments were initiated
at the same time. Experimental programs and recently obtained results were presented at
meetings of the Working Group. Although the duration was only three years, I believe it
worked as a turning period.
The mission has been succeeded to Prof. Y. Yamane from this fiscal year. The second
edition contains only the main part, not the data collection part that was included in the first
edition. Revision of the data collection part is, therefore, a remaining task for the Working
Group. Burnup credit is a topical theme, especially for storage and transportation of spent

* This work was carried out by the Japan Atomic Energy Research Institute (JAERI) under the entrustment by
the Science and Technology Agency (STA) of Japan.
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nuclear fuels. Therefore, the group is preparing a related guide. Table 1 shows present
members of the Working Group.
2. Second Edition of Nuclear Criticality Safety Handbook
A draft of "Nuclear Criticality Safety Handbook, second edition" has been finalized
recently. It is under examination by referees of the reviewing committee for JAERI-Report. It
includes fruits of 10 years' studies mainly made by JAERI and discussions developed at the
above-mentioned Working Group and Subgroups.
Table 2 shows chapter titles of the second edition. The second edition is essentially
the first edition in addition Supplement Report published in 1995(2). Safety margins in
chemical processes, such as a dissolving and extraction processes are assessed based on model
calculations. A simple method for evaluating the total fission number that characterizes a scale
of a criticality accident is proposed. Principles for alarm system detecting a criticality
accident are summarized. These are new in the second edition. Researches on modelling of
fuel systems have been made and results are included in the second edition as a revision.
Criticality condition data for MOX fuel fabrication plant designated for thermal utilization
should be included in the second, or a later edition. The data were obtained with use of
MULTI-KENO code combined with the 137-energy-grouped cross section library based on
JENDL-3. However, they have not yet included in the draft.
Recommended values of uranium and plutonium isotopic composition were cited in
Supplement Report. Afterwards, these values are found applicable to uranium dioxide fuels
whose initial enrichments are less than or equal to 3 wt%. Therefore, we restored the
description to that of the first edition. The problem remains to be solved for the Working
Group.
3. Present Focus
The next meeting for Working Group will be held on December 2. Possible themes to
be discussed at the meeting are the following:
a) As I stated above, we are preparing "Guide on Burnup Credit for Storage and Transport of
Spent Nuclear Fuel." What are the remaining problems to solve in preparing it?
b) In revising "Data Collection" part of the Handbook, some of the criticality condition data
should be re-calculated. Considering the advance in computer codes and popularity of
engineering work stations, making use of a continuous energy Monte Carlo neutron
transport code will be adequate. Which code is better, a world-wide popular code MCNP
or a Japanese code MVP? What shall we do with JACS code system traditionally used in
Japan?
c) Another problem we should think about is whether all the criticality condition data should
be recalculated or not? Presumably there are priorities among them.
4. Related Examples
a) Neutron Absorption by Fission Product (FP) Nuclides
I am referring to some examples related to revision of the handbook. The first example
is related to burnup credit. How much is the neutron absorption effect of fission products?
The calculations were made for a dissolver model. Such parameters were changed as pellet
diameter, lattice pitch, chemical composition and temperature of fuel solution, and reflector
condition.
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Figure 1 shows a result of a typical case that fuel rods are optimally arrayed, solution
is replaced by water, and the dissolver is surrounded by fully thick water reflector(3). The
results show that £ e# decreases 15 % for the burnup of 30 GWd/t and 20 % for 48 GWd/t.
Inclusion of minor actinides, in this case, Np-237, Am-241, and -243, affects not so much.
Inclusion of FP nuclides, on the hand, gives a remarkable effect, almost 10 %Ak/k. The FP
nuclides considered were nine: Sm-147, -149, -150, -152, Nd-143, -145, Cs-133, Gd-155 and
Eu-153. Three nuclides (Rh-103, Tc-99 and Mo-95) are not included for the evaluation of the
dissolver model, considering that they are main elements of unresolved residues.
b) Nonuniformity of Fuel
The criticality condition data found in nuclear criticality safety handbooks and guides
assume uniform distribution of fuel. Nonuniformity of fuel distribution may increase ke/f.
However, how much is it?
Numerical calculations were made and they revealed that the maximum increase is:
• 1 %Ak/k for UO2(NO3)2 solution,
• 4 %Ak/k for Pu (NO3)4 solution,
• 6 %Ak/k for UO2 slurries.
I am showing an example for a mixture of 5 wt% enriched uranium dioxide and water.
The fuel system is described as a 10-cm-thick slab of fuel with water reflector on one side.
Figure 2 shows a calculation result of keff for the optimum and uniform fuel distributions^.
The calculations were made with the OPT-SN program. It was based on the perturbation
theory, and the neutron transport equation was solved by the ANISN code.
c) Organic Solution
The third topic is considering replacement of organic solvent with water. Previous
studies on 30/70 vol.% tributylphosphate (TBP)/kerosene and also 28/72 vol.% TPB/ normal
paraffin hydrocarbons (NPH) showed that the corresponding replacements were conservative.
The question is that this is also true for 30/70 vol.% TBP/dodecane that is popular in
reprocessing. To answer this question, we made numerical calculations.
Calculations were made with MCNP-4A code with the neutron cross sections based
on JENDL-3.2. They were applied to plutonium nitrate solution in infinite medium. Figure 3
shows a ratio of k^ of organic solution to km of aqueous solution(5). The ratio increases as the
plutonium concentration decreases. It is positive for plutonium concentration less than 100
gPu/1. This result shows that the replacement is not necessary conservative 30/70 vol.%
TBP/dodecane.
It is stressed that the kind of moderator is very important in criticality safety.
Recently it was recognized in relation to criticality safety of fuel wastes that limiting
concentration of plutonium-239 in infinite sea of silicon and some other elements becomes a
half of that of water-moderated system(6). Note that silicon-dioxide is the main element of
granite and glass.
5. A proposal to STACY
The three examples shown above are based on calculations. To obtain experimental
evidences is important to understand further the nature of phenomena. In this respect, I
would suggest that STACY should have a combined cylindrical tank that comprises a
cylindrical tank and a covering annular tank. Then, related experiments can be made by
containing fuel solution including FP nuclides, various concentrations of fuel, or fuel in
different solvent than water in the central cylindrical tank.
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Figure 1. A typical result for a dissolver model that fuel rods are optimally arrayed, solution
is replaced by water, and the dissolver is surrounded by fully thick water reflector
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REFLECTOR EFFECTS OF STRUCTURAL MATERIAL
FOR CYLINDRICAL AND SLAB CORES
CONTAINING 10% ENRICHED URANYL NITRATE SOLUTION
T.KIKUCHI, Y.MIYOSHI, Y.YAMANE, K.TONOIKE,
H.SONO*, H.HIROSE* and S.ONODERA*
Criticality Safety Laboratory, Department of Fuel Cycle Safety Research
* Criticality Technology Division, Department of NUCEF Project
Japan Atomic Energy Research Institute
Shirakata Shirane 2-4, Tokai-mura, Naka-gun, Ibaraki-ken, JAPAN 319-1195

INTRODUCTION
In a nuclear fuel reprocessing plant, the structural material of equipment act as neutron
reflector to fuel solution. For more reasonable criticality safety design, it is important that the
characteristics of reflector effects are clarified. From this motivation, a series of critical
experiments on the cylindrical and slab cores reflected with structural material have been
performed at the Static Experiment Critical Facility, STACY, in the Nuclear Fuel Cycle
Safety Engineering Research Facility, NUCEF, from 1996 to summer of 1998, using 10%
enriched uranyl nitrate solution1M).
In first series of experiments, the 600 0 core tank, which was a cylindrical shape tank
with an inner diameter of 59cm, were employed, and in second series of experiments, the
280T core tank, which was a slab-shaped tank with an inner thickness of 28cm, were
employed. The structural material such as ordinary and borated concrete and polyethylene
were arranged on the side wall of core tank. As for ordinary concrete and polyethylene, the
reflectors with various material thickness were prepared, and as for borated concrete, the
reflectors with various boron content concrete were prepared. The uranium and free nitric
acid concentrations were adjusted to ~240g/l and ~ 2 . IN at first series, and ~315g/l and
~0'.9N at second series, respectively. The schedule of STACY experiments for reflector
effects are shown in Table 1.
CORE CONFIGURATIONS
(a) Core tanks and reflectors
The 600 0 core tank was a cylindrical tank with an inner diameter of 59cm and an
inner height of 150cm, which was made of stainless steel. The thickness of side wall was
0.3cm, and those of upper and lower plates were 2.5cm and 2.0cm, respectively. The 280T
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Table 1 Schedule of STACY experiments from 1996 to summer of 1998
Fiscal year
Month

4-6

7-9

1996
10-12

1-3

4-6

I

7-9

1997
10-12

1998
1-3

4-6

7-9

Annual inspection
Performance test
Experiment
(Basicalcxp )

(Reflector exp.)

• -

(Reflector exp.)

PIT/PIV
Core tank

600 0 •

280T"

core tank was a slab-shaped tank with an inner thickness of 28cm, an inner width of 69cm
and an inner height of 150cm, which was also made of stainless steel. The thickness of side
wall and upper plate were 2.5cm, and that of lower plate was 2.0cm.
The core configurations of reflector experiments are shown in Figure 1. At first series
of experiments using the 600 <t> cylindrical core tank, the reflectors packed the structural
materials in annular containners, which were made of aluminum without upper plates, were
arranged on the outer wall of core tank. The upper paltes were stainless steel. The thickness
of inner and outer walls of containner were 0.3cm and 0.8cm, respectively. And the thickness
of upper and lower plates were 0.6cm and 1.5cm, respectively. At second series of
experiments using the 280T core tank, the reflectors filled the structural materials in slabshaped containners were arranged on the side walls of core tank in thinner direction. The side
600 <t> core tank

Reflector

280T core tank

Reflectors

Uranyl nitrate solution

Uranyl nitrate solution

(b) 280T core tank system

(a) 600 <t> core tank system

Figure 1 Core configurations of reflector experiments
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walls of conainers in thinner direction were made of aluminum with 0.8cm-thickness, and
those in thicker diresction and the upper and lower plates of containner were made of
stainless steel with 3.0cm-thickness.
The structural materials such as ordinary and borated concrete and polyethylene were
prepared as reflectors. The typical composition of ordinary and borated concrete are shown in
Table 2. The density of polyethylene ((CH2)n) is 0.97g/cm3.
Table 2 Typical composition of ordinary and borated concrete
for 600 0 core

for 280T core

ordinary

borated (max)

ordinary

borated (max)

Boron (g/cm )

0.000

0.146

0.000

0.156

Composition (wt%)
H2O (free)
H2O (fixed)
B4C
SiO2
AJ2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O

7.00
3.97
0.00
66.3
5.83
2.28
8.94
1.42
0.5-3
1.89
1.86

6.46
6.19
8.24
55.0
2.17
0.99
18.1
0.72
1.12
0.50
0.53

4.83
4.35
0.00
63.9
5.00
1.40
16.4
0.52
0.64
2.35
0.63

7.78
3.71
9.09
57.8
2.52
0.69
16.7
0.27
0.77
0.24
0.41

Density (g/cm3)

2.30

2.26

2.33

2.20

3

(b) Experimental parameters
As shown in Table 1, first series of experiments using the 600 <p cylindrical core tank
were performed in 1996, and second series of experiments using the 280T slab core tank were
performed from 1997 to summer of 1998. The reflector condition at first and second series of
experiments are listed in Table 3 and Table 4(a)~(b), respectively.
Table 3
Ordinary concrete

Reflector condition for the 600 0 core system
j

Polyethylene

Borated concrete *

Reflector thickness (cm)

Boron content (g/cm3)

0.0 (unreflected)

0.000

5.0

3.0

0.010

9.9

6.0

0.049

20.0

10.0

0.146

30.1

19.9

*) The reflector thickness was fixed to 20.0cm.
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Table 4(a)

Reflector condition for the 280T core system (symmetric reflected)

Ordinary concrete

Polyethylene

Borated concrete *

Reflector thickness (cm)

Boron content (g/cm1)

0.0 (unreflected)

0.000

2.5

1.0

0.010

5.0

2.5

0.055

10.1

5.0

0.098

20.0

7.5

0.156

30.1

10.1
20.1

*) The reflector thickness was fixed to 15.0cm.

Table 4(b)

Reflector condition for the 280T core system
(symmetric reflected with gaps, asymmetric / one-side reflected)
Ordinary concrete

|

Polyethylene

Gap width (cm) *

Reflector thickness (cm)
[asymmetric ** / one-side reflected condition]

0.2

0.0 (unreflected)

2.5

2.5

1.0

5.0

5.0

2.5

10.0

10.1

5.0

15.0

15.0

10.0

*) The reflector thickness was fixed to 15.0cm.
**) In the asymmetric reflected condition, the reflector thickness at fixed side were
15.0cm for ordinary concrete and 10. lcm for polyethylene, respectively.

As shown in Table 3 and Table 4(a), the reflector experiments were performed with
various material thickness for ordinary concrete and polyethylene, and with various boron
content for borated concrete. As shown in Table 4(b), at second series using the 280T slab
core tank, the experiments as following reflector conditions were additionally performed :
(a) symmetric reflected with gaps (for ordinary concrete),
(b) asymmetric reflected (for ordinary concrete and polyethylene) and
(c) one-side reflected (for ordinary concrete and polyethylene).
EXPERIMENTS
(a) Reactivity measurements
The critical height was predicted by monitoring the inverse count rates of neutron
detectors during the subcritical state, and it was confirmed by observing the steady state
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neutron flux level. After confirming the critical height, the fuel solution was repeatedly
drained and fed around the critical height, and the reactivities were measured, employing a
digital reactivity meter5). A digital reactivity meter calculates reactivites by solving reactor
kinetics equation on real-time, using an analog signal from neutron detector; i.e. a current
signal from a compensated ionization chamber etc.
Near a critical state, a reactivity is linear to solution height. The critical height, Hc, and
differential reactivity worth to solution height at He were determined by reactivity
measurements, according to the following equation :

where

Hc
—

= critical height
= differential reactivity worth to solution height at

Hc.

For example, the estimation of critical height and differential reactivity worth at Run No. 194
is shown in Figure 2.
15

i

i

i

i

i

i

: STACY 280T s lab core
10 1

(Poly :10. 1cm/2. 5cm)
—
-

:

U cone. : 318.
5(g/l)
5 - Ac i d ty:0.
i
97(N)
- Temp. :25.8 (°C)

c
o

c/

o

\

-5

\

Cr itici\\ hei
ght:
(76. 47±0.01) cm
I
Di ff. react iv ity:
:
(12. 0 ±0. 1 ) cent/cm ~_

/

-10 —

/
-1

i , , , .

0

i , . .

5. 0

75. 5

76. 0

76. 5

77. 0

77.5

78.0

Solution height (cm)
Figure 2 The estimation of critical height and differential reactivity worth (Run No. 194)

(b) Differential reactivity worth vs solution height
From the modified one-group diffusion theory, the differential reactivity worth at
solution height H is expressed by
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c
(H + Xf

(2)

C = conversion factor
X = extrapolation length along the vertical direction

The reletionships of differential reactivity worth to solution height for 600 0 cylindrical and
280T slab cores were experimentally estimated from the results of reactivity measurements.
The estimation results of these relationships are shown in Figure 3.
The reflector effects were experimentally evaluated from the integration of these
relationship between critical solution heights of objective reflected and reference cores.
80
E

O

70

6 0 0 * cylindrical core

c
CD
O

o

C=(7. 37±O. 20) x 108cent-cm2
A = (6. 2 ± 0 . 8 )cm

60
50

280T slab core
C = (7. 93±0. 09) x 106cent-cm2

>>

40

i = (9. 8 ±0.3

)cm

o
CD

30
20

c
CD

10
0

40

80
100
So Iut i on he i ght (cm)

140

Figure 3 Differential reactivity worth vs solution height

(c) Sensitivity analyses and J3 eff
The uranium and free nitric acid concentrations were adjusted at the start of
experiments. And the solution temperature was controlled at about 25°C. However, the
uranium and free nitric acid concentrations slightly increased duirng the experiments
according to the evapolation of moisture. Futher, the solution temperature was not same
between each operation strictly. So, the condition of uranyl nitrate solution were different
between each experiment. The reflector effects, i.e. the reactivity effects of reflectors, have to
been evaluated under the same condition of uranyl nitrate solution. In order to correct the
critical heights obrained experimentally, the sensitivity analyses to the uranium and free nitric
acid concetrations and the solution temperature were carried out, using a two-dimensinal Sn
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transport code, TWOTRAN, in the SRAC95 code system based on a evaluated nuclear data
library, JENDL-3.26).
For sensitivity analyses, eight core configurations were selected in 600 4> cylindrical
and 280T slab cores, respectively, and the neutron multiplication factors were calculated in
the slightly changed conditions of uranyl nitrate solution. The neutron multiplication factors
were approximately changed in linear to the variation of uranium and free nitric acid
concentration, and in paraboratic to that of solution temperature. The sensitivity factor to
uranium concentration depend on the uranium concentration. On the other hand, the
sensitivity factors to free nitric acid concentrarion and solution temperature approximately
independ on the condition of uranyl nitrate solution. The sensitivity factors to uranium and
free nitric acid concentration and solution temperature at the 280T slab core are shown in
Figure 4 and Table 5.
0.100

0.090

0.080

S = a + b • (U-314. 0)
a : (0.0817±0. 0002) (%Ak)/(g/l)
b : - (0. 00054±0. 00007) (% A k) / (g/1)2

o
to

0.070
>.

§

0.060

CO

0.050
308

310

312

314

316

318

320

Uranium concentration, U(g/I)
Figure 4 Sensitivity factor to uranium concentration at 280T slab core

Table 5

Secsitivity factor to free nitric acid concentration
and solution temperature at 280T slab core

free nitric acid concentration
solution
temperature (*}

- (0.1453 + 0.00 ll)(%dk)/(0. IN)

lst-order(Tl)

- (0.0328 ± 0.0009) (%dk)/(°C)

2nd-order (T2)

- (0.00091 ±0.00019) (%dk)/(°C)2

(*) Sensitivity is given by as follows : T1 X ( T - 25) + T2 X (T - 25)2.

From the experiments, the reactivities could be obtained in relative. The effective
delayed neutron fraction, 0 eff, is needed to exchange the reactivities in absolute. The J3 effs
-
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of 600 0 cylindrical and 280T slab cores were calculated for above eight core configurations,
using a multi-dimensional diffusion code, CITATION, in the SRAC95 code system based on
a evaluated nuclear data licrary, JENDL-3.2. Averages of calculated j3 effs are as follows:
(0.7138 + 0.0017)% for 600 0 cylindrical core,
and (0.7316 + 0.0021)% for 280T slab core.
(d) Correction of critical heights
For the experimental evaluation of reflector effects, the measured critical heights were
corrected to those in the standard condision of uranyl nitrate solution, using the sensitivity
factors, the j3 eff and the relationship of differential reactivity worth to solution height. The
standard condition of uranyl nitrate solution are listed in Table 6. The correction results of
critical heights in symmetric reflected conditions with ordinary concrete and polyethylene at
the 280T slab core are shown in Figure 5.
Table 6

Standard condition of uranyl nitrate solution
Uranium

Free nitric acid

Solution

concentration

concentration

temperature

(art)

(N)

( n C)

242.2

2.09

Exp. of borated cone.

309.3

0.80

Others

315.6

0.96

600 0 cylindrical core
280 T slab core

25.0

STACY 280T slab core
(symmetric reflected)
Ordinary concrete
••-#•••

: Measured

: Corrected

t»0

Polyethylene
---A--- : Measured
: Corrected

o

10

20

Reflector thickness (cm)

Figure 5 The correction results of critical heights
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DISCUSSIONS
(a) Reflector effects
According to the integration of eq.(2), the reflector effect is expressed by
=

P

c

1

1

(3)

~ 2

where

Hx = critical height with the objective reflected condition
Hn = critical height with the reference condition.

As for ordinary concrete and polyethylene, the reflector effects were evaluated by reference to
the unreflected condition. And as for borated concrete, the reflector effects were evaluated by
reference to the reflected condition with ordinary concrete. The reflector effects in the 600 4>
cylindrical and 280T slab cores are shown in Figure 6(a) and (b). As shown in Figure 6(a),
the reflector effects of ordinary concrete and polyethylene are satutated with more than 15cm
and 5 cm-thickness, respectively. The saturated relector effects of ordinary concrete and
polyethylene are 2.5 and 1.6%A k/k for the 600 <t> cylindrical core, and are 3.3 and 1.1%A
k/k for the 280T slab core. On the other hand, the reflector effect of borated concrete
negatively increases with boron content. The reflector effect of borated concrete at 0.15g/cm3
boron content is about -0.9%A k/k for the 600 4> cylindrical core, and is about -\.4%A k/k
for 280T slab core, as shown in Figure 6(b).
4.0

3.0 -

+J

2.0

o
v

o
o

a:

1.0
600$ cylindrical core
—%— : Ordinary concrete
— O ~ : Po I yethy I ene

0.0

280T slab core
(symmetric reflected)
"•••••: Ordinary concrete
O : Polyethylene

-1.0
0

10

20

30

Thickness of r e f l e c t o r (cm)

Figure 6(a) Reflector effects of ordinary concrete and polyethylene
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2.0

1.0
280T slab core
(symmetric reflected)

0.0
o

o
o

-1.0

*

-2.0

+J

600 0 cylindrical core
-3.0
0.000

0.050

0.100
0.150
3
Boron content (g/cm )

0.200

Figure 6(b) Reflector effects of borated concrete
From a series of experiments using the 280T slab core tank, the reflector effects in the
symmetric reflected condition with gaps and the asymmetric and one-side reflected
conditions were evaluated by reference to the unreflected condition. The reflector effect of
ordinary concrete in the symmetric condition with gaps is shown in Figure 7. As shown in
Figure 7, it is observed that the reflector effect decrease as increasing the gap width.
The reflector effects of ordinary concrete and polyethylene in the asymmetric and oneside reflected conditions are shown in Figure 8. The reflector effects in the asymmetric and
one-side reflected conditions are rougnly half of reflector effects in the symmetric reflected
condition. However, the reflector effects in the one-side reflected conditions are larger than
those in the asymmetric reflected conditions. As for ordinary concrete, especially, the
difference of reflector effects between the asymmetric and one-side reflected conditions is

0.2%Ak/k.
(b) Neutronfluxdistribution
To measure the neutron flux distribution in reflector, the radioactivity distribution of
irradiated gold wire were measured for the typical cores. To set up the gold wire, the
penetration holes of 5.0mm-diameter were prepared in the typical reflectors. The bare gold
wire and the gold wire coverd with l.Omm-thick cadmium tube were used for the
measurements. The gold wire were positioned in the penetration holes and were removed
from reflectors after the irradiation of high-power operation. The integral counts of gamma
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4.0

280T slab core
3.0
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Figure 7 Reflector effect of ordinary concrete with gaps in 280T slab core
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Figure 8 Reflector effects with asymmetric and one-side reflected condition in 280T slab core
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rays including the 0.412MeV photoelectric peak of 198Au were measured, employing a welltype of 3.0inch-thick Nal(Tl) scintilaltion counter.
Figure 9 shows a comparison of neutron flux distribution in reflectors on the symmetric,
asymmetric and one-side reflected conditions with ordinary concrete in the 280T slab core.
As shown in Figure 9, the neutron distribution of fixed side independ on the reflector
conditions of variable side.
4.0
Symmetric reflected
• : <J> ep i, O : * sub

280T slab core
(reflected with ordinary concrete)

Asyaaetric reflected
• : O e p i . A:<t>sub

3.0

0ne~side reflected
T:<l>epi. V:<t>sub
(Osub

=

F i xed s i de _

Variable side

cpbare — (Pepi)

>

Z

2.0
Norma Ii zed
to unity
1.0

0.0

(15cm)
Ordinary concrete

(15cm)
Ordinary concrete

. i.... i ....
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Figure 9
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Neutron flux distribution in the slab-shaped ordinary concrete reflectors

SUMMARY
Employing the 600 0 cylindrical and 280T slab core tanks of STACY, the experimental
data on reflector effects of structural material to 10% enriched uranyl nitrate solution were
obtained. In this campaign, the structural material such as ordinary and borated concrete and
polyethylene were used for reflectors. Main parameters were material thickness for ordinary
concrete and polyethylene, and were boron content for borated concrete. The reflectors were
arranged on the side walls of core tanks. From a series of experiments using the 280T slab
core tank, not only the reflector effects of symmetric reflected conditions, but also those of
symmetric reflected condition with gaps and those of asymmetric and one-side reflected
conditions were evaluated.
This work should be helpful for the validiation of criticality safety design code. And
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more reasonable criticality safety design will be possible for a nuclear fuel processing plant.
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ESTIMATION OF SUBCRITICALITY AND FUEL CONCENTRATION
BY USING "PATTERN MATCHING" OF NEUTRON FLUX
DISTRIBUTION UNDER NON UNIFORMED SYSTEM
K.ISHITANI and Y.YAMANE
Department of Nuclear Engineering, Graduate School of Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya, Aichi, 464-8603, Japan
E-mail:
ishitani@reacl.nucl.nagoya-u.ac.jp
INTRODUCTION
Recent development of position sensitive neutron detector such as PSPC(Helium-3 Position Sensitive
Proportional Counter ) enabled us to measure spatial neutron flux distribution very rapidly 2 .(Fig.l)
Especially, the PSPC working together with LN9000 multi parameter system, which is a product of
Laboratory Equipment Corporation, enables us to measure both neutron flux distribution and time-sequential
data of neutron detection signals, simultaneously3. Major purpose of our study is the development of
advanced subcriticality monitor by using the PSPC. In nuclear fuel reprocessing plants, monitoring the
spatial profile of neutron flux by using the detector is very beneficial in sight of criticality safety, because
spatial profile information appeals visually. Moreover the neutron flux measured by PSPC can be applied to
various subcriticality inferring method, such as Modified Neutron Source Multiplication method3 which
makes use of neutron count rate levels, Variance -to-Mean ratio method or Rossi-cc method which are based
on the noise analysis, and Exponential Experiment method which makes use of spatial profile of neutron
flux. In this paper, the inferring method of both subcriticality and fuel distribution used under nonuniformed
systems is proposed. Its basic concept is the 'pattern matching" between measured neutron flux distribution
and beforehand calculated reference fluxes.
PROPOSE OF NEW CONCEPT OF SUBCRITICALITY ESTIMATION
The conventional subcriticality estimation methods have any problems. Almost all the methods need
any theoretical correction factor for attaining high accuracy. Nuclear code is often used to calculate the
correction factor. There are some cases that the estimated subcriticality depends strongly on the calculated
correction factor. On the other hand, the continuous energy Monte Carlo codes ( such as MCNP4A, MVP )
predict static reactor characteristics very accuratelly. Therefore "Indirect Bias Estimation method" has been
already proposed by Yamamoto . This method obtains the bias in calculated keff by using the difference
between measured and claculated count rates. Another problem is that almost all the subcriticality estimation
methods do not take into account of nonunifonnity of fuel. It may be serious problem in nuclear fuel
reprocessing plants where fuel solution is treated.
Generally speaking, we can regard a subcriticality estimation as a BLACK BOX. This BLACK BOX
makes an output of subcirticality corresponding to neutron count rate input.(Fig.2) In conventional method,
the true substances of the BLACK BOX are Modified Neutron Source Multiplication technique, Feynman a
and others. Their method have theoritically clear base in the view point of reactor physics. On the other
hand, we proposed the use of artificial neural network or "Pattern matching" as BLACK BOX which have
less theoritical base on reactor physics. These method are wholly based on the calculated value supporting
by recent advancement of computer code accuracey for criticality safety. The most difference between
"Indirect Bias Estimation method" and our method is that our object is to deal with the unkonwn nonuniform
system.
AN ATTEMPT OF SUBCRITICALITY ESTIMATION BY USING
ARTIFICIAL NEURAL NETWORK
At first, we adopted an artificial neural network as BLACK BOX. Its network composition is
conventionally used one(Fig.3). Input layer neuron are 35, hidden layer one are 20, and output layers neuron
is one. Learning algorithm is a conventional back propagation method, the number of leaning samples are 36
and unknown "measured" fluxes are 85. Figure 4 shows the trained neural network performance. In this
figure, the horizontal axis shows true keff(effctive neutron multiplication factor) and the vertical axis
indicates the estimated keff. Figure 5 shows the conventional source multiplication method. Comparing
these results, there is no significant difference between both estimations. Artificial neural network requires
very long learning time, and exactly complete BLACK BOX. So the neural network approach has no
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advantage compared with the source multiplication method approach. Hence we conclude that the neural
netwrok method is not the best way, and we should find another method, such as "Pattern matching"
method.
SUBCRITICALITY ESTIMATION METHOD BASED ON "PATTERN MATCHING"
We make the database of neutron flux profile, its magnitude and subcriticality in various range of fuel
concentration in advance. To estimate subcriticality from the measured neutron flux, at first, a few neutron
flux profile similar to the measured flux one are selected by "Pattern matching " method. This method means
the comparison between "measured neutron flux" and reference neutron fluxes(Fig.6). In this step "measured"
and reference neutron flux are normalized as equation (1) and (2).

ii\
j , O (z2), ... ,0 izn)).

1**1

(2)

(z2 ), ... ,®R (zn )).
I.P. = < X • XR >

(3)

Here, $ denotes the measured neutron flux and $ R denotes the reference flux. An index I.P. denotes the
inner porduct of vector XandX R . The I.P. is used as similarity index between "measured" and reference
fluxes. A few pattern with higher index, namely these inner product close to 1.000, are picked up. The
second step is determination of keff. This scheme is essentially the source multiplication technique(Fig.7).
At first we make the correlation curve of total neutron counts and keff by using the magnitudes of a few
refernce pattern selected in the "Pattern matching" procedure. By using this correlation curve, we can
estimate keff-value from total neutron counts of measured flux.
FUEL DISTRIBUTION ESTIMATION METHOD
In convenience, we suppose one energy group, one dimensional neutron diffusion equation. Steady
state neutron balance equation with a fixed neutron source is expressed as follows,

-ID (c (z))V$(z) + Sfl(c (z)Mz)

= vS/c (z))0(z) + Sic (z)).

(4)

Here, D, S a vS f denote diffusion coefficient, absorption cross section, and fission cross section,
respectively. S is the source term. These parameters depend on fuel concentration c(z). If we suppose that
spatial change of diffusion coefficient D is negligible small, equation (4) will be change as follows,

-D (c {z))V2<&{z) + S a ( c (z)Mz)

= v S / c (z)Mz)

+ Sic (z)).

(5)

If we know the fuel concentration dependence of these cross sections and neutron source, and their
dependence can be expressed as the following polynomial of fuel concentration c(z),

D (c (z)) = Do + Dx-c (z) ,

(6)

S,(c (z)) = S, i 0 + Sa>1-c iz) ,

(7)

vl,f(c(z))

= vS^ 0 + vE^-c (z) ,

S (c (z)) = Sx-c (z) ,
we can solve the equation(5) and obtain an unknown fuel concentration c(z) at each spatial point.
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£ 0 VOU) + Sa0O(z)
=

'•

vS/0O(z)
'•

do)

Above discussion is valid in one energy group theory. To deal with much more realistic situation, two
neutron energy group theory should be used at least. Hence , in practice, it is difficult to determine the fuel
concentration distribution analytically by using equation (10). So we try to use the "Pattern matching" method
to decide the fuel concentration c(z) at each spatial point.
The first procedure of fuel concentration distribution estimation is exactly same as the keff
estimation.(Fig.6) The "pattern matching" is performed between the reference neutron profile and an
unknown profile. Then a few candidate of fuel concentration is selected by using the similarity index. The
second procedure is that we make the correlation curve of neutron counts and fuel concentration at each
spatial point by using the set of reference pattern selected by the "Pattern matching"(Fig.8). And then the
fuel concentration at each spatial point can be determined.
NUMERICAL EXPERIMENTS
To confirm the validity of our new "Pattern matching" method, numerical experiment was carried out.
In convenience, two dimensional, two energy group diffusion calculation was done. The system investigated
is the cylindrical tank(Fig.9). Its height is 100cm. Its diameter is 60cm. The tank is filled with 10wt%
enriched uranyl nitrate solution. The non-uniform fuel distribution is represented by five layers filled with
different solution. Five fuel concentrations are selected from 110 to 190gU/l by 20gU/l step. Position
sensitive neutron detector is set along outside the tank vertically. It is supposed that the spontaneous fission
source distributes proportional to the fuel concentration. At first, to get the reference database consisting of
flux profile, its magnitude and subcriticality, eigenvalue problem and fixed source problem are solved. The
3125 cases, namely 55 cases, were calculated as the whole reference patterns. Next, to examine "Pattern
matching" method, the unknown "measured " neutron flux were prepared as their concentration varied from
120gU/l to 180gU/l by 20gU/l step.
RESULT
The results of the subcriticality estimation by using this "Pattern matching" method is illustrated in
Fig. 10. Estimated keff agreed well with true keff. For comparison, the result of the conventional Source
multiplication method is illustrated in Fig. 11. The conventional source multiplication method contains very
large estimation error. Our new "pattern matching" method gives much more accurate subcriticality than
conventional method.
Figure 12 shows the best estimation results of fuel distribution. The estimated fuel concentration
distribution agreed well with the true fuel concentration distribution. Figure 13 shows the worst case. The
estimated fuel distribution agreed relatively with the true fuel distribution in even worst case.
CONCLUSION
We proposed new subcriticality and fuel concentration estimation method. This method is based on
"Pattern matching" of neutron flux profile. Numerical experiments were performed, a new method estimates
subcriticality with higher accuracy than the conventional neutron source multiplication method.
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Transient Behavior of 10% Enriched Uranyl Nitrate Solution at Criticality Accident
K. Ogawa, K. Nakajima, A. Ohno, K. Sakuraba, E. Aizawa and T. Morita
Japan Atomic Energy Research Institute
2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken, JAPAN

ABSTRACT
Japan Atomic Energy Research Institute has started the supercritical experiment program
using a 10% enriched uranyl nitrate solution focusing on safety research in reprocessing plants
with the Transient Criticality Experiments Facility(TRACY)m in the Nuclear Fuel Cycle Safety
Engineering Research Facility(NUCEF). The purpose of the TRACY program is to obtain
data both on nuclear and thermal-fluidic transient characteristics and on the confinement
capabilities of radioactive materials in a postulated criticality accident in reprocessing plants.
In the experiment, fuel composition, reactivity insertion method, reactivity insertion rate, total
insertion reactivity and initial power can be varied for the experiment parameters '2'3^. In the
supercritical experiment, excess reactivity can be inserted up to 3$ by withdrawal of a transient
rod or continuous feed of the solution fuel to the TRACY core tank.
In the transient experiment with step reactivity insertion of 2.9$, peak power and peak pressure
of the core obtained 1400MW and 0.85MPa, respectively.
In this paper, we will present the outline of TRACY, the power and core pressure
behavior changing the insertion reactivities with step reactivity insertion, and the peak power
changing the reactivity insertion rate and initial power level with ramp reactivity insertion.
I.

INTRODUCTION

For design and operation of reprocessing plants, evaluation of a criticality accident
phenomenon is one of important requirements.

Experimental study focusing on investigation

of a criticality accident phenomena with solution fuel has already been performed in French
experiment facilities

[4]

. However, since they use the highly enriched uranyl nitrate solution as

fuel, these experimental data have not been used to evaluate exactly for the reprocessing plant
in which low enriched uranyl nitrate solution is handled. The aim of the TRACY program is to
obtain data on postulated criticality accidents in reprocessing plants using low enriched uranyl
nitrate solution.
evaluation.

The TRACY's data will be used to establish a reasonable scenario for safety

There are three major research targets in the TRACY program.

Their target are

evaluate 1) nuclear, thermal-hydraulic transient behavior such as power, pressure and
temperature, 2) irradiation dose from the core, 3) confinement capabilities of radioactive
This work was carried out by Japan Atomic Energy Research Institute under the auspices of the
Science and Technology Agency of Japan.
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By analyzing experimental data, the reactivity feedback mechanism in a criticality

accident will be realized.
The first criticality of the TRACY was achieved on December 20, 1995. The first
supercritical operation was followed by a supercritical operation mode function test on nuclear
characteristics.

TRACY carried out 109 runs including 44 supercritical experiments up to this

November (1998).
In this paper, we will present the outline of TRACY and the results of transient behaviors
measurements, which focused on the first target.
II. EXPERIMENT
1. Experiment Facility
The TRACY mainly consists of a core tank, a solution feed system, a solution storage
system, and a ventilation gas line system as illustrated in Fig.l.

The fuel of the TRACY is

uranyl nitrate solution, which is fed from a dump tank to the core tank by a pump. The core
tank made of stainless steel is cylindrical shaped with outer and inner diameter of 50 cm and
7.6cm, respectively.

The outer and inner cylinder wall is lcm and 0.35cm thick, respectively.

The core tank is approximately 2m high. A transient rod for insertion of excess reactivity is
installed in the center of the core tank.

The maximum power of TRACY is 5GW.
18

maximum integrated power is 32 MWs, equivalent to 10 fissions.
are controlled by feed and drainage of the solution fuel.

In operations, reactivities

Height of the solution fuel is

measured by a contact type level gauge whose accuracy is ± 0.2mm.
measurement devices is illustrated in Fig. 2.

The

A layout of the

The reactor power is measured using two

transient linear channel(Tra Lin ch.) and a transient log channel(Tra Log ch.) fission chambers
equipped on the ceiling of the reactor room. The pressure in the core and the plenum is
measured using strain gauge type pressure transducers equipped at the side and top of the core
tank, respectively.

The accuracy of these transducers is ± 1.5 % of full scale(1.4MPa).

Axial distribution of the solution temperature is measured by thermocouples equipped inside
the core tank.

All these data are recorded using a high-speed data logger.

During the

transient experiment, radioactive gases including fission products are generated in the core and
they are circulated for at least 24 hours after the experiment in a closed-loop vent gas line
system to reduce radioactivity.
radiation.

Hydrogen gas is also generated during the experiment by high

The transferred hydrogen gas into the plenum is diluted in the dilution tank and

recombined into water by the recombiner.
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2. Transient operation modes and experimental conditions
(l)Transient operation modes
Criticality accident phenomenon are simulated by the following transient operation modes:
(i) Pulse withdrawal mode ; the transient rod is withdrawn within a 0.2 seconds time frame
from bottom to top (approximately 1.5 m) by pressurized air.
(ii) Ramp withdrawal mode ; the transient rod is withdrawn in a fixed speed
which can be set at various speeds(from 1 to 900 cm/min).
(iii) Ramp feed mode ; the solution fuel is fed continuously over the critical height
by the feed pump of which flow rate can be set at various rates(from 0.7 to 65 liter/min).
(2)Experimental condition
The experimental conditions of the core are as follows:
(i)Solution fuel: Uranyl nitrate solution
(ii)Enrichment: 10wt% U-235
(iii)Uranium concentration: about 400gU/liter
(iv)Nitric acid molarity: about 0.7mol/liter
(v)Initial temperature: about 25*0
(vi)Reflector: None
III. RESULTS and DISCUSSIONS
1. Transient Characteristics in the pulse withdrawal operation
Transient operations in the pulse withdrawal mode(with step reactivity insertion) were
carried out with different insertion reactivities.
pressure is shown in Fig.3.

A typical transient profile of power and

In this case, the reactivity of 2.9$ is inserted.

The first peak

power was obtained at 1400MW. Simultaneously, the pressure in the core achieved 0.85MPa.
After those peaks, pressure in the plenum rises slowly and is smaller than that of the core.
The pressure in the core is generated by the growth of radiolytic gas bubbles. The first peak
power is limited by the negative reactivity feedback due to both the increase of temperature and
the growth of radiolytic gas bubbles.
The power and core pressure with step reactivity insertion were measured changing the
insertion reactivity.

The measured specific peak power and peak pressure in the core for the

super prompt critical experiment p >1$) versus the inverse period are shown in Fig.4. In
this figure, the inverse period GO (s 1 ) is obtained from the following equation using measured
Peff

—— by the pulsed neutron method.
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where p is the insertion reactivity($), j3 eff is the effective delayed neutron fraction and I
is the prompt neutron lifetime(s).
Both the peak power and peak pressure in the core are proportional to the 1.6th power of the
inverse period.

A relationship between peak pressure in the core and coEp is shown in Fig.5,

where Ep is energy integrated up to the peak of power.

The value 0) Ep is thought to relate to

the power at the time when radiolytic gas bubbles generated.
he peak pressure is proportional to coEp.

It is seen from the figure that t

Spike shaped pressures appeared in the range

greater than about 600MW, while the oscillated pressure was observed in the range from 300 to
600MW.
The profile of the power and pressure in the core with three different insertion
reactivities is shown in Fig.6.

The core pressure starts to rise before the power reaches its

peak in all cases. These pressure rise points are considered to be equal to the starting points of
rapid growth of the radiolytic gas bubbles.

Since the starting points are faster than the power

reach its peak, the peak power is limited by the reactivity feedback effect not only of the
temperature but also of the radiolytic gas bubbles. Approximately 5milliseconds after the start
of the pressure rise, the power reaches its peak.

The power at the start of the pressure rise

changing the insertion reactivity is shown in Fig. 7.
increases with the increase of the inverse period.

The power at start of the pressure rise

The energy integrated up to the start of the

pressure rise Eg versus the inverse period is shown in Fig.8.

The energy Eg(MWs) is obtained

from the following equation using the power at start of the pressure rise Ng(MW).
N.

The energy integrated up to the start of the pressure rise is equal to the threshold energy of the
generation of the core pressure. The measured threshold energy for the pressure generation is
about 2.5MWs, as shown in Fig.8 although this energy tends to decrease with the increase of
the inverse period.
2.Transient Characteristics in the Ramp withdrawal operation
The power in the ramp withdrawal operation (with ramp reactivity insertion by
withdrawal of the transient rod) was measured changing the reactivity insertion rate, the total
insertion reactivity and initial power level.

The profiles of the power with three different

reactivity insertion rates are shown in Fig.9.

In all cases, the first peak power increases with
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the increase of reactivity insertion rate and drops rapidly caused by negative reactivity feedback
of temperature rise and radiolytic gas bubbles formation.

The gas bubbles move upwards,

then disappear from the core. Due to this movement of the bubbles, the positive reactivity is
added again, and the second peak appears.
the reactivity insertion rate.

The first peak power increases with the increase of

The relationship between first peak power and the average

reactivity insertion rate is shown in Fig.10.

In the case of 1W initial power, the peak power is

proportional to the reactivity insertion rate and does not depend upon the total insertion
reactivity in the range of present measurements.
of peak power.
level.

Initial power was also varied for comparison

The first peak power tends to increase with the decrease of the initial power

When the initial power changes from 1W to 3mW, the first peak power increases to

about twice as much as the higher initial power.

The power profiles with different initial

power levels are shown in Fig 11. In the case of 200W initial power, the time required to
reach the peak of power is the fastest but the peak power is the smallest among the three cases.
This is because the higher the initial power becomes, the faster the temperature reactivity
feedback effect works.

IV.

SUMMARY

A series of transient operations with TRACY have been carried out, and the following
results are obtained:
In the pulse withdrawal operation,
(l)The first peak power is proportional to the 1.6th power of the inverse period.
(2)The peak pressure in the core is also proportional to the 1.6th power of the inverse period.
(3)The peak pressure in the core is proportional to O)Ep.
In the ramp withdrawal operation,
(l)The first peak power depends on the reactivity insertion rate and the initial power.
(2) The first peak power is independent of the total reactivity insertion.
REFERENCES
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STUDY OF SOURCE TERM EVALUATION FROM FUEL SOLUTION UNDER
SIMULATED NUCLEAR CRITICALITY ACCIDENT IN TRACY
H.ABE, S.TASHIRO, H.NAGAI, T.KOIKE, S.OKAGAWA
and M.MURATA
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195 JAPAN

INTRODUCTION
A criticality accident at the dissolver is assumed one of the design basis accidents (DBA)
for the fuel reprocessing plant. In the accident, various fission products and radiolysis gases
will be produced in the fuel solution and volatile radioactive nuclides (iodine, xenon and
krypton) and radiolysis gases (hydrogen (H2) and nitrogen oxide (NOx)) will be released into
vent-gas spontaneously. Moreover, other non-volatile nuclides will be released from the fuel
solution as radioactive aerosol (mist) with bursting bubbles at surface of the solution. Bubbles
are produced from the radioactive and radiolysis gases in the solution. The vent-gas including
the radioactive materials will be transported in a ventilation system having air-cleaning filters
and, finally, released to the atmosphere. Therefore, quantitative estimation of release and
transport behavior of the radioactive materials from the fuel solution as source term is very
important for safety evaluation of the plant NUCEF-TRACY is a transient criticality
experimental facility for studying the transient criticality characteristics of low-enriched uranium
fuel solution and the characteristics are investigated under the various conditions of the excess
reactivity and reactivity addition rate. To verify the confinement capability for the released
radioactive materials of the ventilation system in the plant and the safety margin for the values
adopted in the safety evaluation of the plant, data concerning the release and transport of these
materials will be acquired during simulation experiments in TRACY.
Design and establishment of various experimental devices have been carried out since fiscal
1994 and three experiments for evaluating release behavior of the radioactive materials and
radiolysis gases from the fuel solution were performed in fiscal 1996 and 1997. In the present
paper, experimental methods and results about the release behavior of the H2, radioactive
aerosol and iodine species from the fuel solution are reported.

EXPERIMENTAL
Experimental devices and methods
In TRACY, there is a vent-gas line connected to the core tank and vent gas circulates
through the line. The radioactive materials and radiolysis gases, released from the fuel
solution, effuse into the line during the transient criticality. To observe release and transport
behavior of those compounds, the line is equipped with a cascade impactor for sampling mist
and iodine (Mst), Maypack samplers for iodine (M), Andersen-type cascade impactors for
aerosol particles (C) and gas concentration measurement devices for H2, NOx and radioactive
noble gases (G) as shown in Figure 1.
Mst can collect directly the mist and aerosol released from the fuel solution to the gas phase
in the TRACY core tank. Therefore, it can be regarded that the concentration of radioactive
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materials estimated with Mst represents one in the gas phase in the core tank. Mst consists of a
four stage impactor for collecting the mists with liquid collector, one membrane filter and iodine
collection element (ICE), such as five silver plated fibrous filters, two silver nitrate impregnated
alumina beds. Inorganic iodine species such as I2 and organic iodine species such as CH3I are
collected separately in the respective components of ICE. Mst is equipped with back-up
samplers including ten silicagel beds for collecting moisture in the sampling gas. The
radioactive aerosol and iodine species, which effuse into the vent-gas line from the core tank,
are collected with C and M samplers. The each C sampler consists of a seven stage impactor
for collecting the aerosols, one membrane filter and ICE, and the each M sampler consists of
ICE. Sampling lines at upstream of the all samplers were heated up to 80 °C. After
sampling, the respective samplers was taken apart to each component and the radioactive
nuclides in the components were determined by gamma-ray spectrum analysis.
As the H2 concentration measurement device, a catalytic combustion type thermal
conductivity detector (Yanako-ogi, TC-201S) is adopted. CLM-500 (Shimazu-seisakujyo)
measures the NQx gas concentration in the vent-gas by using chemiluminescence method for
oxidative reaction from NO to NO2 by O3.
Moreover, several thermometers, pressure gauges and flow meters are also attached to the
vent-gas line for observing thermofluid conditions of the vent-gas.
Experimental conditions
Three experiments with different reactivity conditions have been performed using the
devices as shown in Table 1. Figure 2 and Figure 3 show the time-course of fission number
per second of the respective experiments. R75 was performed under the ramp withdrawal
mode of a transient rod (300 cm/min). Since the insertion time of the rod was put off than
other two experiments, the time-course of fission number per second oscillated and several
fission peaks occurred for about 120 sec. On the other hand, in two other experiments, which
were performed under the pulse withdrawal mode of the rod (about 36,000 cm/min in average),
one sharp fission peak with a few milliseconds wide was observed.
To collect radioactive iodine which is emerge from the solution with a time lag after the
transient criticality, the fuel solution had been kept in the core tank for 5 h after the transient
criticality. The volumes of the fuel solution and the gas phase in the core tank were 0.2 m3 and
0.18 m3, respectively. The volume flow rate of the vent-gas was about 0.28 m3/h.

RESULTS AND DISCUSSIONS
Release behavior of H2 gas from the fuel solution
Figure 4 shows time-courses of the H2 concentration in the vent-gas obtained from R69
and R75 experiments. The H2 concentrations in the vent-gas attained to the peak just after the
transient criticality and decreased exponentially with time. The maximum concentrations
increased with increasing the total fission number. The maximum concentrations and total
volumes of H2 for 5 hours after the transient criticality were 9,000 ppm (0.9 %) and 0.23 m3 for
R69, and 14,000 ppm (1.4%) and 0.33 m3 for R75, respectively.
The maximum
concentrations were lower than the lower limit concentration of combustion of H2, about 4 %.
Release behavior of radioactive aerosol and iodine species
By gamma-ray spectrum analysis of the radioactivity adhered to each stage of Mst, 140Ba140
La, daughter nuclides of 140Xe, and 131I were only detected. Other non-volatile radioactive
nuclides produced by fission in the fuel solution were not detected. This fact indicated that
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detectable amount of mist was not released from the solution.
The concentration of 140Ba in the gas phase of the core tank attained to the maximum just
after the transient criticality and decreased exponentially with time as shown in Figure 5.
Although the total fission number on R75 was larger than that on R69, the first peak height of
fission number per second on R75 was lower than that on R69 because of the difference in
reactivity addition mode between them. This fact explains that the concentration of 140Ba on
R75 early in the time-course after the transient criticality was lower than that on R69.
The concentrations of 131I in the gas phase of the core tank began to increase with a time
lag of several minutes from the transient criticality and attained approximately constant values,
as shown in Figure 6. The values were different according to the total fission number of each
experiment. The values at 85 min after the transient criticality were 7.3 X 102 Bq/m3 for R35,
4.5 X 104 Bq/m3 for R69 and 3.0 X 105 Bq/m3 for R75, respectively.
Evaluation of release ratio of 131I from the fuel solution
In this study, the time-course of the number of iodine atoms in the fuel solution and that in
the gas phase in the core tank were calculated by using the simultaneous equations as follows.

(2)
(3)

where, Fs (fissions/s) is the fission number per second, r| (-) is the fission yield, X (1/s) is the
radioactive decay constant, % (1/s) is the release constant from the fuel solution, XJJ (1/S) is the
dilution constant in the gas phase of the core tank by the vent gas. The subscripts "I" and "P"
mean the values of 131I atom and parent nuclides of 131I, and, "sol" and "gas" mean the values in
the fuel solution and in the gas phase of the core tank. Isol and Igas are the time-integrated
numbers of 131I atoms in the fuel solution and those in the gas phase. They were calculated by
omitting decrease of the number of 131I atoms by radioactive decay and release from the fuel
solution or dilution and discharge by the vent gas. Moreover, the release ratio, R (%), of the
13
'I from the fuel solution to the gas phase was defined as the following equation;

Rm-BLx]00
hoi

(5)

If it is assumed that the time trend of Igas in Figure 6 can be also represented by Eq(6) and
Eq(7), | , is calculated from Eq(8) by combining Eq(3) and Eq(7).
gas

dt

1/-

(6)

= a x exp(fixt)
-axfixt »p(f>*t)

(7)

< t) x ( p + A, + xp)
hoi
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At first, a (-) and |3 (-) were estimated from relations between time and Igas as shown in Figure
6, next, | , was calculated by using Eq(8). Moreover, R was estimated by solving from Eq(l)
to Eq(5) simultaneously by Runge-Kutta-Gill method. As for the nuclear data of 131I, r\ and k,
respective values in JNDC nuclear data library'0 were used, ip was determined from an
experiment using the mock-up vessel that has the same dimension and ventilation flow as the
TRACY core tank. i|) could be estimated as 2.53 X 10"2 (1/s) from the slope of linear
relationship between time and the aerosol number concentration in the vessel shown in Figure 7.
Fs for R35 and R69 was estimated by assuming that it was equal to total fission number at just
transient criticality point (t=0) and zero in the time range after the point. For R75, Fs was
estimated directly by approximation of the oscillated time-course of fission number per second,
as shown in Figure 8.
The estimated results of R of 131I are shown in Figure 9. As seen in Figure 8, R is large
when the total number of fission is large. The values of R are 6.5 X 104 % for R35 and 4.7 X
102 % for R75 at 4.5 h after the transient criticality. These values were much lower than the
value, 25 %, which was adopted in the DBA scenario.

CONCLUSION
To evaluate release behavior of radioactive materials and radiolysis gases from the fuel
solution under the simulated criticality accident, design and establishment of various
experimental devices have been carried out and three simulation experiments were performed.
As the results of the experiments, release patterns of H2, 140Ba and 131I could be grasped.
Concentrations of H2 in the vent-gas and 140Ba in the gas phase in the core tank attained to the
peak just after the transient criticality and decreased exponentially with time. On the other hand,
concentrations of 131I in the gas phase in the core tank began to increase with a time lag of
several minutes from the transient criticality and attained approximately constant values.
Maximum concentrations of H2 and 131I increased with increasing total fission number.
Moreover, a time-course of release ratio of 13!I from the fuel solution could be estimated by
assuming simultaneous equations for representing time-course of number of 131I atoms.
In future, release behavior of the radioactive noble gases will be investigated as function of
various reactivity conditions because they have large effect on the public dose. And,
comprehensive and detailed calculation models for simulating release behavior of the materials
will be estimated.
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Table 1 Parameters of respective experiments
Run No.

Reactivity($)

Reactivity addition mode

Total fission number

R35

1.8

pulse withdrawal

2.9X10 17

R69

2.9

pulse withdrawal

5.7 X1017

R75

2.9

ramp withdrawal (300cm/min)

6.9X10 17

core tank

Mst: Cascade impactor for mist and iodine
M : Maypack sampler for iodine
C : Andersen-type cascade impactor for aerosol particles
G : Gas monitors (for H2, NOx and radioactive noble gases)
L : Drain sampler
Figure 1 A scheme of the vent-gas line of TRACY and sampling and measuring devices.
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Figure 4 Time-course of H2 concentration in the vent-gas on R69 and R75

10'°

u

10 s

00

c
o
••8
O
O
O

10 6

104

0.01

0.1

1

10

Time (h)
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1. INTRODUCTION
This paper describes the computer code FETCH, which has been assembled with support
from the UK Health and Safety Executive (Nuclear Installations Inspectorate) and is based
on codes that had been developed earlier at Imperial College. It is intended to be a generic
method, based as far as possible on basic principles. It may be a method of reference in the
future and should give the capability to explore safety-related situations somewhat beyond
the range of experiment. The original aim was to create a general geometry code capable
of addressing a range of criticality issues in fissile solutions but, as a result of research
focussed on multi-phase flow modelling, the code has the capability to model fiuidised beds
and porous media - such as contaminated soil/wetted powders. FETCH was initially
achieved through the linking of two Imperial College codes; EVENT - a transient finite
element radiation transport code and FLUIDITY - a transient finite element CFD code.
Two key recent developments, following the initial linking of the two codes, have been
multi-phase/free surface modelling (discussed in another paper to this meeting) and the
more recent incorporation of pressure feedback. The application of the pressure feedback
model has helped explain some features of earlier SILENE high power transients.
2. PREVIOUS RELATED UK WORK
The FETCH code took as an initial point of reference the UK CRITEX 5 code, together
with CRITEX CD [4, 5, 6] which treated modelling of pressure feedback during the initial
power ramp for high power transients. CRITEX is a point kinetics model with associated
models for leakage (on the assumption that the vessel is a right cylinder) and analytical
treatments of thermal expansion, radiolytic gas bubble development, neutronic temperature
coefficient and the generation of water vapour. The model had been refined during extensive
collaboration with the French IPSN organisation at Valduc, in particular by comparing the
model against the CRAC and SILENE experiments. There were a number of issues that the
CRITEX family of codes could not address; for example non-cylindrical tanks and sloshing
in shallow tanks - the FETCH code has been developed to address these and other issues.

3. OUTLINE OF THE PHYSICS OF THE PROBLEM
For uranium solutions and for plutonium solutions above a certain concentration, a step
reactivity insertion produces results in a fission power profile that depends on the magnitude of the insertion. For low power (say, a few cents) insertions the initial power rise is
terminated without gas evolution by a combination of nuclear and density feedback. Typically, a slow damped power oscillation occurs with the positive feedback component arising
from heat losses from the system (influenced by fluid motion), until the power stabilises at
a steady value where the energy generated to maintain the critical temperature distribution
is balanced by heat losses.
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Step reactivity insertions of the order $1 and up to, say, several dollars will result in the
additional generation of radiolytic gas bubbles at the first and possibly succeeding power
peaks; if boiling is approached then steam will enhance bubble growth. Bubble generation
will produce an additional strong negative feedback mechanism until the bubbles have risen
and burst. FETCH now has integrated models for the perturbation caused by the rise/burst
of bubbles and for the free surface waves that result from this and from buoyancy etc.
Recent work has provided modelling of pressure feedback on bubble generation.
For continuous filling of a tank there is the possibility that, rather than damped oscillations in the power leading to some asymptotic steady power, there will be (if the filling
is continued) repeated power peaks with the power quasi-stabilised by the presence of large
volumes of radiolytic gas - accompanied by surface waves.
4. RELEVANT EXPERIMENTS
While there have been valuable solution criticality studies performed in the USA and more
recently in Japan, we had selected the sets of detailed experimental data of the CRAC [2]
series and the SILENE [1, 2] series for overall FETCH validation.
The CRAC series were less well controlled in the quality of the experimental data due
to problems, for example, in the control of loss of liquid due to splashing in transients. The
experimental geometry was a cylindrical tank (either 30cm diameter or 80cm) filled from a
centrally located pipe in the base, the whole being located inside a larger containment vessel.
72 experiments were conducted and have been documented. One experiment, CRAC 44,
suffered a major disruption of the internal structures. Despite the experimental difficulties
the CRAC series are straightforward to model (in view of the cylindrical form and constant
fill rate) and give useful insights - for example into sloshing phenomena in CRAC 43 - which
we have modelled as reported in the comparison paper.
The highest quality database is that formed using the SILENE series of experiments [2].
The fissile solutions used all had an enrichment close to 93% and a concentration of 71 g/1
uranium, with the core being in the form of an annular tank and with a control rod located
in the central cylindrical void. Appropriate motion of the rod produced the desired form
of the transient. Measurements of pressure and temperature accompanied the 'nuclear'
related measurements, making it an especially useful device with which to benchmark a
fundamentally based code.
5 THE STRUCTURE OF FETCH
FETCH is a combination of a fluids module (based on the FLUIDITY CFD code [7]), a
radiation module (based on the EVENT code [8]) and an interface code. The interface code
takes, as input from the fluids calculation, temperature and void fraction distributions and
interpolates a two dimensional neutron cross section set in temperature and voidage (for
the simulations presented here). In the case of transients in porous media an interpolation
in fluid density is necessary also. The radiation module solves the multi-group transport
equation to yield flux distributions. These are transmitted to the fluids module so that it can
calculate the power (sources for heat, radiolytic gas and delayed neutrons) and feed these into
the appropriate equations. The fluid equations are iterated upon until they achieve a strict
non-linear balance, after which the radiation module re-calculates the the flux distributions.
The delayed neutron precursor concentrations are calculated in the fluid module so that
they may be influenced by fluid motion, expansion etc.
EVENT:
The EVENT code solves the Boltzmann transport equation in phase-space (Cartesian space,
angle, time and energy-speed) using an even-parity principle. The discretization is multigroup in energy, finite-elements in space and spherical harmonics in angle. Code development
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has largely been dictated by the demands of neutron transport problems and it thus can
solve various eigen-value problems, time dependent problems with delayed neutrons and has
all the normal features of a neutron transport code.
FLUIDITY:
The code FLUIDITY solves the Navier stokes equations in time dependent or steady state
form coupled to as many reacting or passive fields as desired. It uses a mixed formulation,
consistent finite element spatial description, has a library of finite and spectral elements and
a wide range of discretization options.
6. LIST OF SOME VALIDATION EXERCISES CONDUCTED
Every effort has been made to test the FETCH code at each stage of its development.
Examples of tests are as follows.
• Comparison of asymptotic alpha eigenvalue from time dependent simulations with in
hour equations for all simulations.
• Establishing self consistency between Keg and doubling times for all simulations similar to 1.
• Check consistency of energy production with temperature.
• Comparison of FETCH results with non-linear point kinetics model written by the
authors.
• Comparison of the delayed neutron precursor concentrations that EVENT calculates
with those that the fluid routine calculates for a fluid without motion.
• Linear EVENT transient compared with all initial FETCH transients.
• Free surface wave frequency compared with the simple analytical solution.
• Comparison of heat losses at boundary (calculated by surface integration) with power
at steady state.
• Checking convergence of space mesh and time step sizes.
• Checked acceleration, terminal velocity of bubbles and velocity of masses of bubbles
for various volume fractions.
• Compared fluid calculations with adiabatic and buoyancy driven literature benchmark
problems.
• Comparison of multi-phase solutions with other problems for which experimental fields
are available.
• Comparison of overall simulation results with CRITEX code and CRAC and SILENE
experiments.
• Comparison of free surface surface modelling capability, by solving a benchmark problem.
• Validation of the ability of FETCH to model compressible flows with comparison of
pressure oscillations in several SILENE experiments.
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7. VERIFICATION
Verification is concerned with the question 'while the equations representing the problem
may have been solved correctly, were they the correct equations'? This question is being tackled through peer review, in which a series of detailed journal papers are in final
preparation. These papers will cover the algorithms detailing the structure of FETCH, radiation modelling and fluids modelling including the multi-phase aspects of bubble growth
and transport, pressure feedback effects, buoyancy-driven flows and free surface motion.
8. OUTLINE OF CURRENT MODELLING FEATURES OF FETCH
In this section a brief summary of the methods used to model the high and low powered
transients is presented.
Neutronics: A multi-group time dependent even parity variational principle is used to calculate the flux distributions. Diffusion or higher order transport approximations are used.
Six energy groups are used in all the calculations in this report.
Neutronics - discretization: The even parity equations are discretized using a two step
implicit approach in time; finite elements in space; finite difference in energy; spherical
harmonics in angle.
Neutronics-solution: A combined iterative solution method handles the solution in space,
angle and energy for each time level in the following way: preconditioned conjugate gradient
solver in space; preconditioned conjugate gradient methods in angle; accelerated steepest
decent in energy.
Cross-sections: The cross section sets depend on temperature, expansion of the liquid and
the voidage due to bubbles or mixing above the near free surface. This is achieved by
interpolation in anisotropic sets generated using WIMS 7. Cross sections are evaluated for
each element using a 2-D interpolation of cross section sets in temperature and voidage
(3-point mixing).
Field equation-discretization: The field equations such as delayed neutrons, temperature
etc., are discretized using a finite element method in space and time, integrating over spacetime elements. A weighted residual method is used with a weighting function leaning over
in the space time elements in the upwind direction, and adding dissipation, which is chosen
in these simulations to provide the 'desired' quantity of dissipation at the steady state.
Navier Stokes equations - discretization: These equations are discretized with finite elements using a weighted residual method and a mixed primitive variable formulation. The
momentum equations are discretized using space-time elements as above.
Navier Stokes equations - solution: A mixed mass projection method is used for the single
phase flow simulations reported here. For the multi-phase simulations a unique finite element
based implicit multi-phase solution method is used which strongly couples all the phases. A
large matrix is explicitly formed which contains coupling terms between the phases.
Multi-phase fields: Delayed neutrons live only in the liquid phase as does dissolved radiolytic
gas. However, there is a temperature for each phase in addition to a momentum equation
set for each phase.
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Multi-phase interface exchanges: The momentum exchange between the phases (gas and
liquid) are due to: drag; virtual mass; interface pressure; rotation; change of phase. Exchange of energy between phases due to; temperature diffusion between gas and liquid; phase
exchange.
Radiolytic gas diffusion: Two diffusion parameters are used to model the diffusion of
dissolved radiolytic gas in the liquid to that in bubbles; one of which attempts to account
for bubble nucleation and the other nucleated bubble diffusion.
Turbulence modelling of high energy transients:
diffusion of all species is used.

Eddy parameterisation of viscosity and

Meshing and regions: An unstructured finite element meshing philosophy is used throughout FETCH. The number of regions with different fluids and neutronics properties is also
arbitrary.
Boundaries: Vacuum surface boundary conditions are used for neutron transport. At walls
classical zero velocity fluid boundary conditions are prescribed. For low powered transients
no-normal flow free surface boundary conditions are applied. The heat transport coefficients
at the boundaries are obtained from standard heat transport correlations. For multi-phase
simulations the boundary conditions applied at the top of the fluid containment vessel are
specified tangential and normal stresses (pressure) for the gas phase. For the liquid phase
zero normal velocity and zero tangential stress conditions are applied. Standard inlet-outlet
boundary conditions are applied to all field variables including volume fraction of gas.
Non-linear solvers: All variables are iterated upon within each time step until all equations
balance simultaneously. Various internal non-linear iterations are used to attain momentum
and continuity equation balances for multi-phase flow.
Multi-phase compressible flows: One or both phases can be incompressible or compressible
and the time step limitations (for stability) are not associated with the acoustic wave speed.
Free surface modelling: Free surfaces are tracked by adverting material markers through a
fixed mesh.
4. DISCUSSION OF PARAMETERS
Some recent modelling and comparison with SILENE results are shown here. The emphasis
is on the comparison with the pressure trace measure measurements. The incorporation of
pressure feedback in the multi-phase modelling gives an immediate benefit in that bubble
growth is now determined - rather than forming one of several empirical aspects of modelling
bubble processes - through Henry's Law. This has allowed us to achieve not only a good
representation of the power trace of SILENE, but also a satisfactory representation of the
pressure trace. Such modelling may be important in considering scenarios - such as dilute
plutonium bearing substrates - where the formation of voidage with an accompanying pressure rise is the only manner in which transients may terminate. Henry's law is Co = pH(T)
in which Go is the concentration of radiolytic gas at which bubbles just start to form and
p, T are the local pressures and temperatures of the liquid.
However, achieving agreement between modelling and experiments for both power and
pressure must involve a degree of empiricism. The detailed processes of radiolytic gas production, bubble nucleation and diffusion into bubbles - and the subsequent evolution of
these bubbles - remains an area where detailed knowledge is unlikely to become available.
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Comparisons with experiment, such as those reported here, are valuable 'integral' tests of
modelling and allow some semi-empirical adjustment of model parameters. The steps that
we have taken are as follows:
diffusion rate
Sensitivity tests in which bubbles were produced (nucleated) instantaneously with fission
showed that the resulting negative feedback from liquid density change (increase in neutron
leakage) severely reduced the fission rate - which did not then match experiment. This
indicates that initial bubble production occurs just after the maximum fission rate has been
reached.
In the present work the diffusion rate (assumed to be a function of local concentration
of radiolytic gas) of gas in the dissolved state, into bubbles, has been adjusted so that the
amplitude combined with the width of the pressure pulse matches that observed in the
experiments. The form of this pressure pulse was found to be particularly sensitive to the
diffusion rate and thus provides a sensitive means of establishing diffusion rate correlations.
indicator of pressure rise
Given the above, Henry's Law now provides the criterion (relating critical gas concentration
in solution to the local pressure and temperature of the solution), for nucleated bubbles to
grow. For a sudden deposition of energy and the corresponding rise in temperature, Henry's
Law gives an approximation for the maximum pressure that can be attained. The implication
is that, say, for simulation SILENE experiment Sl-152, the maximum temperature rise of
4A°C should lead to a pressure (assuming radiolytic gas production is the only mechanism
for increase the pressure of the system) at which bubbles start to form of no more than
4.4 bar. This is close to the maximum observed pressure of 4.3 bar. Henry's law should
thus provides a conservative means of estimating the maximum pressure created, for uranium
solutions, given a maximum temperature rise in a high powered transient with step reactivity
insertions.

pressure waves
The method yields the formation and propagation of pressure waves.
subsequent pressure pulses
Subsequent pressure pulses are essentially caused by radiolytic gas being trapped within
the solution (on the time scale of these pulses) and suffering pressure/compressibility driven
oscillations. That this is the cause is clear from the comparison of modelling results for
pressure traces and transient maps of voidage distribution.
10. COMPARISON WITH SILENE
The above model enhancements have been tested through comparison with SILENE measurements [1] in which step reactivity changes are induced in uranyl nitrate solution contained in an annular tank. It should be borne in mind that the present calculations are
axi-symmetric and therefore any three-dimensional flow effects are nor modelled (although
FETCH has the capability). To aid interpretation of the simulations, two modelled pressure
sensors have been located within the domain. These sensors are located at the geometrical
centre of the cross section of the initial liquid occupied domain, see figures 1 (a) for example,
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max
fis. rate
No. fis./sec
SILENE 3.38 x 10 ls
FETCH L 3.68 x 1018

Eto
peak
No. fis.
5.02 x 101B
6.33 x 1016

99-004

Ap
bars
1st peak
0.57
0.48

Ap
bars
2nd peak
0.30
0.37

At (sec)
between
lst&2nd
0.06 1

0.05 1

Table 1: Summary of FETCH simulation of a SILENE experiment with a step reactivity
insertion of $1.66 - comparison of results. Ap is recorded at the floor of the vessel and is
the recorded value minus 1 bar.
and at the floor of the vessel directly below the first sensor. Note that, within the domain
occupied by the fluid, all variables are sampled at each time step.
The lowest power transient for which a simulation has been attempted has an initial step
reactivity insertion of $1.66, corresponding to SILENE case Sl-153 [1]. The step reactivity
results in a deposition of radiolytic gas which follows the power profile associated with the
initial fission pulse. For this modelled case the gas (when diffused into nucleated bubbles)
does not have a large volume fraction and thus does not disrupt the liquid severely. Thus
much of the deposited gas is still contained in the liquid at the end of the simulation (lsec),
(compare figures 1 (a),(b),(c),(d)). These show the group of of bubbles deposited at the
initial fission spike rising to the free surface.
Gas which is trapped undergoes oscillatory density changes, reflected in the pressure
traces shown in figure 2 (a). This occurs because the gas is deposited rapidly (just after the
maximum fission rate, see figure 2 (b)), causing pressure to build up in the fluid - which
leads subsequently to the gas over-expanding and to an oscillatory behaviour. The amplitude
and frequency of this oscillation is in close agreement with the corresponding experiment
Sl-153, see table 1. The oscillatory behaviour in density causes an oscillatory behaviour in
the modelled fission rate, figure 2 (b). The liquid volume fraction will reflect the oscillatory
behaviour of the gas density.
It may be noted that, for high power SILENE transients, pressure oscillations are limited
by the initial rapid escape of gas from the liquid.
11. CONCLUSIONS
The FETCH code is currently subject to a validation and verification process. The recent
addition of pressure feedback has strengthened the multi-phase modelling and has allowed
new insight into the reason for observed pressure oscillations following the main power
transient. Progressive developments in problem meshing and solution efficiency will allow
us to progress to general 3D geometries. The research is likely to have benefits also in the
areas of porous media, powders and fluidisation.
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CONSEQUENCES OF FREE SURFACE MOTION
IN FISSILE LIQUIDS
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ABSTRACT
To date the criticality assessment code FETCH has been applied to low and high powered
transients in fissile liquids, where free surface motion was not of major significance. Additional code features now allow us to model a ramp reactivity insertion, obtained by pumping
uranyl nitrate solution, at a constant rate, into a shallow tank. The result is a transient
with complex free surface motion and interacting radiolytic gas bubble generation. The
case simulated is from the CRAC series. Free surface modelling has also been tested by
simulating a collapsing water column.
1. INTRODUCTION
The purpose of this paper is to investigate, numerically, the criticality of a uranium solution
with subsequent sloshing of the free-surface; how this effects the course of the transient,
and the interaction of free surface motion with radiolytic gas bubble generation. Papers in
preparation describe the validation of the FETCH code [2, 1]. However, the modelling of
free surface flows has not been well validated before and we report modelling of a collapsing
water column for which experimental results are available [3].
A transient criticality experiment is then modelled for the case of a shallow tank into
the base of which fissile liquid is pumped, at a constant rate through out the course of
the transient, from a thin pipe located along the tank central axis. This work attempts
to re-produce an experimental result forming part of the CRAC series [6] - CRAC 43.
This simulation is described in section 4; the simulation of the collapsing water column
is described in section 3 and section 2 covers briefly, the problem physics. The general
comments in this paper apply to uranium-bearing solutions.
2. OUTLINE OF T H E PHYSICS OF THE PROBLEM
For continuous filling of a tank there is the possibility of, rather than damped oscillations in
the power to some asymptotic steady power, repeated strong power peaks with the power
quasi-stabilised overall by the presence of large volumes of radiolytic gas - accompanied by
surface waves. There is likely to be an oscillatory behaviour in the power as a result of
periodic bubble generation/losses [4]. This, and buoyancy driven fluid motion, will interact
with the free surface waves, and a chaotic power transient can result.
The dynamics at the first peak are likely to be different from those in the succeeding
power peaks. In contrast to the case with step reactivity changes (see [1]), the magnitude
of this first power peak will depend on the initial neutron population and the filling rate.
In contrast to succeeding power peaks observed, as the tank continues to fill, the solution
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is initially cold and the negative reactivity effects of increased temperature will be limited.
In addition, initially, the number of nucleation sites will be limited resulting in a relatively
long delay for initial bubble generation and associated negative reactivity feedback effects.
There will be a further delay because the solution is not saturated (some 1.5 x 1015 fissions
per litre of fissile liquid are required to obtain a saturated liquid at atmospheric pressure),
subsequently the solution will be close to saturation.
3. VALIDATION OF FREE SURFACE MODELLING - COLLAPSING WATER COLUMN
Koshizuka et al. [3] have described an elegant experiment whereby a prismatic water column
is allowed to collapse under gravitational forces. Since the free surface modelling in FETCH
has been programmed in such a manner that it is transparent to the geometry, validation
in 2-D Cartesian is also an effective validation in axi-symmetric geometries.
Figures 1 and 2 show the modelled collapse of the 2-D water column, measuring 14.6
cm wide by 29.2 cm high in a vessel 58.4 cm wide. The mesh used for this simulation is
regular, 160 x 160 = 25600 elements and thus 25921 nodes. Grid convergence was checked
by repeating the calculation with half the number of elements in each direction - the results
are visually identical. The time step used was 5 x 10~4 seconds.
In the simulation, the initial conditions are those in which liquid (unity volumetric fraction) occupies a 2-D column, as in figure 1 (a), and is at rest. The liquid column then
proceeds to collapse due to gravitational forces, with the bottom right extremity of the
distorting liquid column moving rapidly towards the right hand wall. The position of this
extremity verses time matches the experimental results given in [3] and simulation reported
in ref. [5]. Once the liquid reaches the right hand wall it moves up the wall due to the inertia
built up inside the liquid, as seen in figures 1 (c),(d),(e). Gravitational forces, subsequently
force the liquid to 'slosh' back down the wall and it is at this point that the free surface
becomes blurred and highly convoluted, see figures 1 (f) and 2. In these figures two breaking
free surface waves can be seen progressing from right to left.
4. SHALLOW TANK WITH RAMP REACTIVITY INSERTION
In addressing the simulation of criticality in the shallow tank (the CRAC 43 experiment
was selected), six energy group and six delayed neutron group diffusion theory were used for
the neutronics calculation, in conjunction with the two-phase liquid-gas multi-field solver.
FETCH has a transport theory capability, but this was not used in these simulations. For
simplicity, the incompressible assumption is made for both the gas and liquid phases. This
assumption was also made in ref. [2].
The liquid is uranyl nitrate solution, 93 percent enrichment, a concentration of 200 g/litre
of uranium and with a free acid molarity of 2. The tank, of diameter 80cm, is filled with
solution at room temperature, from the base, through a pipe at the central (Z) axis of
the drum at a rate of 1410 1/h. A 2-D axi-symmetric (R-Z) simulation is reported. The
solution has an initial height of 15.6cm, at which Kejj = 1, according to diffusion theory, and
the neutron source was uniformly distributed. Thus no attempt at simulating pre-critical
multiplication is made. Converged angular resolution using transport theory provides a
critical height of 14.4 cm, in agreement the measurement of 14.38cm. Other tests indicate
that, despite this small height difference, effects due to energy and void deposition will be
similar for both cases - and it is on these that we have focussed.
Bubbles

There is a relatively long delay after the first power spike, shown in figure 6, before radiolytic
gas is released into bubbles; this is due to the small number of nucleation sites (modelled

- 149 -

JAERI-Conf

99-004

(a) t=0.0 sec

(b) t=0.2 sec

(c) t=0.3 sec

(d) t=0.4 sec

(e) t=0.5 sec

(f) t=1.0 sec

Figure 1: Modelled volume fraction of liquid/gas for collapsing water column problem at
various times.
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Figure 2: Modelled volume fraction of gas/liquid for the collapsing water column problem
at t=0.9 sec.
by small volume fraction of gas), absence of bubbles, and low radiolytic gas concentration.
When subsequent fission spikes appear the solution is saturated with radiolytic gas and there
is at least a small quantity of gas in bubbles, both promoting more rapid bubble production.
Fresh solution (at room temperature) can be seen in the vicinity of the inlet pipe, see figures 5 (a),(b),(c). The longest lived delayed neutron concentration reflects the temperature
distribution: both have essentially the same source distribution and are affected similarly
by advection - the release of delayed neutrons from the longest lived group being small on
these time scales. The power spatial distribution reflects the shortest-lived delayed precursor
concentration.
Dynamics
The deposition of radiolytic gas and rapid conversion into bubbles near the free surface
provides the dominant negative feedback effect and induces regular oscillations in the fission
rate. There appears to be a characteristic frequency of oscillation of fission spikes in figure
6. This frequency will depend on the dimensions of the domain occupied by the liquid and
the interphase drag on bubbles. Interphase drag determines the terminal velocity of bubbles
and therefore the rate of release of bubbles out of the liquid. A bubble size of approximately
|mm was thought to be a representative bubble radius in the liquid, for the purposes of
calculating interphase drag forces. The terminal velocity of a single bubble would then be
14 cm s" 1 . This assumption proved to be incorrect as explained in this section.
Eventually, as the quantity of liquid inside the drum is increased, temperature effects
are no longer sufficient to restrain the criticality of the system so that fce// is approximates
unity. Voidage due to bubbles takes on the restraining role and thus the quantity of bubbles
present increases as more liquid is pumped into the system, see figures 3 (e),(f).
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In this simulation, sloshing of the free surface is also a factor in determining the criticality of the system. Inspection of the time-dependent free-surface voidage maps highlights
the effect of sloshing in leading to individual power peaks having significantly high or low
amplitudes.
Advection processes

The liquid sets up a permanent recirculation (of negative vorticity) in which the liquid rises
near the central axis, due to drag forces from rising bubbles (and to a lesser degree reduction
in liquid density with increased temperature), and moves towards the wall at and near the
free surface and then moves down the wall. Some of the bubbles can be seen to be dragged
down the wall, see figure 3 (d). This circulation pattern smoothes the radial distribution of
gas in bubbles making it more one dimensional, see figure 4 (f). This recirculation pattern of
the liquid can be seen superimposed on the temperature and longest lived delayed neutron
precursor concentration fields, see figures 4 (b),(c).
Figures 5 shows various fields at t=12.0 seconds into the simulation. The concentration
of dissolved radiolytic gas at the centre of the fluid domain, and towards the free surface,
has been depleted because diffusion is larger (more bubbles having greater overall interphase surface area) and more time is available for the bubbles to form as the fluid rises.
The shortest-lived delayed neutron concentration, figure 4 (d), as always reflects the power
distribution. The longest lived delayed group is more interesting, it contains mostly delayed
neutrons from a previous large fission spike which have been transported via advection so
that the largest concentration is nearer the walls. Figure 6 shows the fission rate versus time
for this simulation.
Free surface waves

The oscillatory structure to the time series can be attributed to periodic bubble generation
and loss out of the liquid and sloshing of the free surface. However, the waves travelling
towards the central axis are often damped by rising bubbles before they reach the central
axis. The time oscillations in power are qualitatively similar to those observed in CRAC 43,
but the frequency is a factor of 1.5 larger. This largeness is considered to be due to a too
great a characteristic rise time (determined from the drag laws) used in the model, but the
use of an axially symmetric mode! (which prevents waves from travelling across the whole
vessel diameter) may also be a factor.
5. CONCLUSIONS
The FETCH code has modelled here, for a ramp reactivity insertion, a high energy transient
in a shallow tank with free surface motion and large quantities of radiolytic gas release. In
the particular case studyed, the frequency of power oscillation appears to be determined by
the time scale of bubble growth, rise and bursting (influenced by the depth of solution). This
is modulated by the influence of sloshing and voidage dynamics. The free surface model has
been validated by a well - defined collapsing water column experiment.
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(a) t=3.0 sec

(b) t=3.4 sec

(c) t=3.8 sec

(d) t=4.6 sec

(e) t=8.2 sec

(f) t=14.0 sec

Figure 3: Volume fraction of gas after the first power peak at various time levels into the
simulation - ramp reactivity insertion provide by liquid inflow rate 1440 1/h - 200 g/1 concentration 93 % enrichment. The left margin of each diagram is the tank axis of symmetry.
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(a) concentration of dissolved gas

(b) temp of the liquid

(c) longest lived delayed neutron con.

(d) shortest lived delayed neutron con.

Figure 4: Various fields at t=4.6 sec into the simulation - ramp reactivity insertion provide
by liquid inflow rate 1440 1/h - 200 g/1 concentration 93 % enrichment. The left margin of
each diagram is the tank axis of symmetry.
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(b) volume fraction of gas

(a) concentration of dissolved gas

(d) shortest lived delayed neutron con.

(c) longest lived delayed neutron con.

Figure 5: Various fields at t=12.0 sec into the simulation - ramp reactivity insertion provide
by liquid inflow rate 1440 1/h - 200 g/1 concentration 93 % enrichment. The left margin of
each diagram is the tank axis of symmetry.
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Figure 6: Fission rate verses time (sec) for a simulation of the CRAC 43 experiment - the
liquid inflow rate of 1440 1/h provides the ramp reactivity insertion - 200 g/1 concentration
93 % enrichment.
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PARAMETERS AFFECTING LEVEL MEASUREMENT
INTERPRETATION OF NUCLEAR FUEL SOLUTIONS
B. A. Hunt and D. Landat
European Commission, Joint Research Centre,
21020 Ispra (Va), Italy.
ABSTRACT

This paper describes a level measurement technique commonly used in the measurement of
radioactive liquids and equipment utilised by the inspectors for safeguards purposes. Some of
the influencing parameters affecting the measurement results by this technique are
characterised (1). An essential requisite for successful process operations in chemical
facilities involving liquids generally require some physical measurements to be made in-line
for both process and quality control in order to achieve the necessary final product
specifications. In nuclear fuel reprocessing facilities, the same objectives apply coupled
however with an additional requirement of achieving nuclear material accountancy and
control. In view of the strategic importance of some of the process vessels in nuclear
facilities, accountancy has to be supported by volume and density measurements of low
uncertainty. Inspectors therefore require instruments which are at the very least as good as or
better than operator's equipment. The classical measurement technique and most widely
applied for process liquids in nuclear installations is the bubbler probe or dip-tube technique.
Here a regulated flow of air passes through tubes inserted to various depths into the vessel and
pressure readings are measured which are a function of the presence of liquid height and
density of solution in the tank. These readings, taken together with a pre-determined
calibration curve are sufficient for the volume and amount of liquor in a tank to be quantified.
All measurement equipment and instrumentation are long distances from the tank
environment. The key physical parameter to measure at this location is therefore pressure.
Equipment designed, developed, commissioned and tested in the tank measurement facilities
at Ispra and in nuclear installations in Europe, Japan and the USA, house digital pressure
transducer modules with manufacturer's declared features of better than 0.01% accuracy and
long term stability of 0.01% full scale per year. Portable and fixed monitoring units have
been designed for carrying out both tank calibrations and long term unattended monitoring.
Application software has also been specifically designed for data acquisition and evaluation.
Installation of the equipment is quick and simple and does not interfere with the operator's
work schedules. Several tanks can be connected together for monitoring purposes.
1. Introduction
Radiochemical facilities, as with other plants require process and quality control of
intermediate and final products. However, wherever nuclear material is processed there is an
additional need for nuclear material measurements for material accountancy and its
verification. Detection of possible protracted or abrupt diversion of one significant quantity of
fissile material is not an easy task. Safeguarding bulk radiochemical facilities presents special
problems for the inspectorate, since the actual quantities of nuclear materials involved in
transfers and inventories are large. It is expected therefore, that the influences of errors on the
larger liquid volume/mass determinations will be substantially increased. Nuclear material
accountancy in facilities where processing of fuel is undertaken involving liquids in tanks
(reprocessing and fabrication facilities) is based on measurements performed on both input
-
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solutions and on the final liquid product prior to proceeding to a conversion process. The
measurement procedures are rather complex, in the sense they are performed on liquids in
tanks which are remote and in shielded areas, they include different measurement techniques
and usually involve a substantial amount of data processing and evaluation. Greater emphasis
and effort needs to be devoted to adopting a safeguards approach which supplements existing
conventional accountancy by making use of operators and inspectors process measurement
systems by collecting data in real or near real time accountancy mode (NRTA) as possible.
Quantities of nuclear materials are evaluated by mass/volume and concentration
determinations on the liquids inside the tank. The classical method generally adopted is the
use of a pneumatic measurement system which measures the pressures induced by the airflow
through at least 3 separate dip-tubes (normally designated as level, density and reference) plus
temperature measurements of the solution. Weighing of tanks is also utilised as a
measurement technique. Both techniques offer the advantages that all the measuring
equipment is outside of the shielded area and therefore easily accessible for maintenance
purposes. In order to render a system operative each tank needs to be calibrated which is an
essential part of the whole volume measurement technique. The pressures measured by the
operator in each tank are normally the differential pressures between the level and the
reference dip-tubes and between the level and the density dip-tubes, in order to determine the
level and density respectively of the solution present within each tank, (utilising of course the
pre-determined calibration curve for each tank). The accuracy however, of the operator's
system or the information collected might be insufficient for accountancy and/or safeguards
purposes. An independent process measurement system therefore would need to be installed
by the inspectorates. Such a system needs to installed in parallel to an operator's equipment
and should have certain design characteristics which are compatible with an operator's normal
routine functions, for e.g. small, compact easily installed with advantages of accurate
measurements and presentation of data in a readily manageable form. In our support activity
to the inspectorate agencies portable systems have been designed, developed, tested in the
Tank Measurement Laboratory at Ispra (TAME facility) and in plants in Europe, Japan, USA
and Kazakstan.
2. Parameters
Some typical equipment developed at the JRC are shown below in Figures 1-3, namely a
Level Measurement Unit (LMU), a Portable pressure Measurement Device (PPMD) and an
Unattended Volume Monitoring System (UVMS) all having different specific applications
(2). These portable process measurement systems incorporating data collection and
evaluation can be used to assist safeguards for example in:
improving of NRTA
- verifying the flow of nuclear material as declared by the operator
assuring continuity of knowledge on design information
unattended verification of nuclear material, transfers inventories
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Figure 1. Level Measurement Unit (LMU)

Figure 2. Portable Pressure Measurement Device (PPMD)
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Figure 3. Unattended Volume Monitoring System (UVMS)

At the core of the dedicated measurement hardware is the pressure measurement device with
declared manufacturer's precision of 0.01% full scale with serial communications. These
lightweight units have been utilised in experimental campaigns for examining phenomena
affecting pressure readings and data interpretation (3). Dedicated software has been written
for fast data acquisition, up to 8 acquisitions per second and interpretation. Some of the
factors influencing level measurements and interpretation are :
- rate of bubbling
- plugging
- temperature effects
calibration / recalibration methods
software
3. Rate of Bubbling
The criteria generally for determining the rate of bubbling to the level, density and reference
dip-tubes is to have or maintain a flow of air so that process control measurements are always
made. Also the flow and pressure to the 3 dip-tube legs should be maintained at the same
constant level. The effect of varying the rates between the dip-tubes must be examined and
recorded at the time of calibrations, when :
- the vessel is empty
- the vessel is one quarter full
- the vessel is half full
- the vessel is three-quarter full
- the vessel is full
Registering such data will serve as a data base for each particular tank showing differences in
pressure readings as a result of differential flows in the dip-tube legs, allowing corrections to
be made. This can only be made however if the individual pressures are measured and not the
differential pressures. Most plants operate with a flow in the range of 12 to 30 litres /hour,
most often opting for 18 litres/hour at an upstream pressure of 2 to 3 bar. Maintaining such
constant flows and pressures reduces the possibility of tube blockages, although this does not
entirely eliminate this phenomena.
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4. Plugging
This phenomena has been reported in references 4 and 5.The portable measurement
equipment is capable of detecting the gradual reduction of the free surface area of dip-tubes as
a result of the build up of deposits. Figure 4, shows the captured data of bubble formation
with and without a reduction in the free surface area. The result is the early detection of
abnormal bubble pattern formation. Such information gives advanced warning to the operator
so that remedial action in the plant can be scheduled. Similar phenomena has been obtained
on tests with solutions of density in the range 1 to 1.4.
5. Temperature effects
Attention has been given in the TAME laboratory to the biases generated by operational
procedures and by environmental parameters. An effect which has been extensively studied is
the bias generated by the changes in the temperature of the tank and its contents (6). The
variation in the pressure readings are shown in Figure 5. It is noted that the pressure measured
at the level probe(lower probe) decreases as the temperature increases, whereas the pressure
measured by the upper probe increases. This highlights the importance of temperature
measurements and corrections which need to be taken into account. The effects will have
similar tendencies for different tanks but different corrections due to the shape and size of
the tank. The important point of note is that these correction parameters must be determined
for tanks expected to be subjected to temperature fluctuations.
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6. Calibration Methods / Re-calibrations
Calibration of a vessel is an essential requirement, so it is extremely important that an
operator and inspector are fully acquainted with the methodology of tank calibrations.
Minimising the errors at this particular point will go a long way to reducing overall errors
over the entire calibration plan, since this data will be utilised in each and every interpretation
of a pressure or weight reading. Recent work has also highlighted that the use of fast data
acquisition can be extremely useful in avoiding recalibrations of tanks after some years of
operation. The technique relies on measuring the pressure change during incremental addition
or subtraction from a tank. Data analysis and calculation of incremental slope can pick out
non-linearities due to the change in slope, depicting internal features of a vessel, such as a
pipe, structural support or even a weld. Trials indicate with such a set-up, even with solution
entering the vessel in the continuous feed mode the change in slope can be detected. With the
design information knowledge of a vessel this data can be utilised to verify signature 'spots'
within a particular vessel. These kind of data bank build-up could eliminate the need
to recalibrate a vessel, just periodic checking of normal plant data with fast data acquisition
for short periods of time. Figure 6, shows data obtained for tank depicting features identified
under the conditions of continuous feed to the tank.
7. Software
Dedicated software has been written for the various hardware measurement devices utilised in
the mass/volume measurements. Since the emphasis is on fast data acquisitions and
mathematical interpretation/evaluation it is essential to have a system which gives a
representative value from the measurement sensor. This system allows this to be achieved,
whether in the calibration mode or monitoring operational mode. Attention has to be
distinguished in setting-up the system as to what exactly is required. For example some tanks
contents remain constant for extremely long periods of times. Thus the registering of values
every second would not be required, maybe every 30 minutes as a permanent record with the
condition that the present value of level does not change. The latter can be set by selecting an
alarm level for example which would be triggered once the liquid level changes by the preset
amount. Registering of data would continue until the level stabilised. This system is
extremely useful in the unattended monitoring units so that only relevant and important
changes are recorded. Also, tanks will be subject to periods of mixing and chemical
adjustment which cause variations in level readings.
8. Conclusions
It is extremely important to characterise a facility during tank calibrations and to identify
potential sources of error by performing instrument checks on each dedicated tank and
system. This enables corrections to be applied as indicated above when the plant is operating.
The determination of the various 'signatures'assists both the operator and inspector to
determine process control conditions and can avoid potential material accountancy
discrepancies.
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Figure 6. The internal slope profile features of a tank during a continuous feedrate of 64
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IAEA Activities in the Back-end of the Nuclear Fuel Cycle
K. FUKUDA
International Atomic Energy Agency
Wagramer Strasse 5, P.O. Box 100,
A-1400 Vienna, Austria
Abstract
This paper concerns recent outcomes from the IAEA 's activities in the area of the
nuclear fuel cycle, particularly focusing on the back-end of the fuel cycle. It includes
spent fuel management, plutonium utilization and burnup credit. In the area of spent
fuel management, worldwide prospects and status of the spent fuel arising, storage and
reprocessing are presented. In the area of plutonium utilization worldwide, only MOX
fuel fabrication is described. Finally, the worldwide status of the burnup credit
implementation is described.
1. Introduction
The International Atomic Energy Agency, IAEA, has assisted Member States having or
planning nuclear fuel cycle activities in developing and maintaining appropriate
approaches, policies, strategies and technologies, with due regard to efficiency, safety,
environmental soundness and sustainability of these approaches, by facilitating the
transfer and exchange of information and technology. In the back-end of the Nuclear
Fuel Cycle Programme the IAEA has two sub-programmes for activities on the spent
fuel management and the issues and databases related to it. The sub-programme
concerning spent fuel management includes four projects: (1) spent-fuel arising, storage
options and practices; (2) internationally agreed practices of spent fuel storage; (3)
handling and storage of spent fuel from research reactors; and (4) technical
developments in the back-end of the nuclear fuel cycle. The Regular Advisory Group on
Spent Fuel Management has advised and promoted these activities continuously since
1984. Recently, the Advisory Group conducted technical reviews on spent fuel
management and the implementation of burnup credit in spent fuel management
systems. The International Symposium on Storage of Spent Fuel from Power Reactors to
be held in Vienna in November 1998 was proposed by the Advisory Group. For the
other sub-programme on the nuclear fuel cycle, i.e. related issues and databases, three
projects are being implemented; (1) nuclear fuel cycle issues of which a main activity is
the functioning of the International Working Group on Nuclear Fuel Cycle Options, (2)
plutonium inventory and emerging problems, in which the International Symposium on
MOX Fuel Technologies for Medium and Long-Term Deployment planned in Vienna in
May 1999 will be a key activity, and (3) nuclear fuel cycle databases. In the framework
of this sub-programme, the International Symposium on Nuclear Fuel Cycle and Reactor
Strategies: Adjusting New Realities was held in 1997 to cover issues such as plutonium
management, future fuel cycle strategies, safety, non-proliferation and safeguards
aspects.
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2. Spent Fuel Management
In the early era of the nuclear energy, it was considered that the nuclear fuel cycle in
combination with recycling plutonium separated by reprocessing was the most useful
application of nuclear power. Since those early days, however, new realities have
emerged which were the main theme in the International Symposium on Nuclear Fuel
cycle and Reactor Strategies: Adjusting to New Realities(l). Currently, countries with
nuclear power programmes adopt one of three different approaches which are: the
nuclear fuel cycle including reprocessing, direct disposal of the spent fuel or deferred
decision.
Spent fuel management encompasses the safe storage of spent fuel from the time it is
discharged from the power reactor until it is finally disposed of either directly after a
period of interim storage, or until it is reprocessed and the waste disposed of in a
suitable repository. The Agency has conducted activities on spent fuel management
following the of advice of the Regular Advisory Group on Spent Fuel Management,
which consists of 13 Member States and OECD/NEA. The Advisory Group meeting on
Spent Fuel management has been held biannually since 1984 and the last meeting was
held in September 1997.
In order to look at future trends concerning spent fuel management, the IAEA has
developed computer codes, CYBA(2> and VISTA(3). Both codes calculate spent fuel
arising, actinide generation, stockpiles of separated plutonium and other information
related to the back-end by using input data gathered worldwide from NPPs, projected
electricity generation, reprocessing capacities and the reprocessing ratio, which is the
ratio of reprocessed fuel to the total arising. CYBA is useful for the open cycle, while
the VISTA calculates results for the closed cycle where recycle of the separated fuel
materials is taken into account.
2.1. Spent Fuel Arising and Storage
According to IAEA's survey(4> 437 nuclear power reactor units were operated in 32
countries with a total electric generating capacity of 350 GWe worldwide as of
December 1997. The spent fuel arising from these nuclear power plants was about
10,500 tHM in 1997 which contains 75 tonnes of plutonium(5). The VISTA code
calculation can predict the worldwide and regional spent fuel arising. This prediction
was made using the scenario that the capacity of nuclear electricity generation grows
from 352 GWe in 1997 to 541 GWe in 2020(5) and half of the spent fuel is offered for
reprocessing (50 % reprocessing ratio).It is likely in the near future that the annual spent
fuel arising from 1990 up to the year 2015 slightly increases. With respect to the
regional trends, the annual arising from Western Europe decreases, that from America
remains mostly constant while those from Asia and Africa (South Africa) and from East
Europe increase in this same period (Fig. 1) These trends are mostly compatible with
perspectives of nuclear power generation in the individual regions'4'.
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Fig. 1 Projection of regional and worldwide spent fuel arising.
The cumulative amount of spent fuel arising at the end of 1997 was 185,000 tHM
worldwide, while the projected cumulative amount of the spent fuel arising in the year
2010 may surpass 340,000 tHM.
The worldwide inventory of the spent fuel stored which is obtained by subtracting the
amount reprocessed from the cumulating amount of spent fuel increases steadily from
year to year(see Fig. 2). The regional trend indicates that the inventories in any region
except for Western Europe will increase. A sharp increase of the stockpiles in North and
South America reflect the fact that the USA and Canada are taking the direct disposal
option. In contrast, the decrease in Western Europe is caused by a decrease of spent fuel
arising and steady increase of amounts reprocessed in several countries in the region.
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Fig. 2 Projected total amount of spent fuel stored
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A comparison of amounts of spent fuel stored and storage capacities is shown in Fig. 3.
The storage capacities are deduced from the information that the IAEA gathered in a
survey on the status of spent fuel storage as of 1997 and the VISTA code calculation of
predicted capacities in the future. The amount of spent fuel stored is calculated by the
VISTA code using the same scenario as mentioned above. This data predicts that the
storage capacities will have about 100,000 tU surplus over the total amount of spent fuel
stored until 2015. However, it should be noted that the situation regarding storage
capacity can be radically different in different countries; some countries, for example
those in Western Europe, have enough capacity, while others are hard up.
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Fig. 3 Comparison of amounts of spent fuel stored and storage capacities world wide.
2.2. Reprocessing
To-date, the civil reprocessing has evolved to an industrial scale in several countries. In
September 1998, the IAEA convened a consultancy on spent fuel treatment to survey the
worldwide trend of reprocessing. Table 1, which includes updated information from the
consultancy, lists the status of the current and projected reprocessing capacities,
including the plants under operational, already closed in the past and planned
worldwide. At present, France is successfully operating the reprocessing plants in La
Hague for LWR spent fuels with a capacity of 1600 t HM/y and has already reprocessed
12,000 t HM of LWR spent fuel, while the United Kingdom now operates two plants
with a capacity of 2700 t HM/y, with the deployment of THORP in 1994. The Sellafield
B205 plant for the GCR fuel is projected to close its operation some time after the year
2010. In Japan construction work on the Rokkasho-mura reprocessing plant with a
capacity of 800 t HM/y continues, but delays have caused it to be several years behind
schedule. Russia (former Soviet Union) planed in around 1980 to commission a second
large scale reprocessing plant (RT-2) at Krasnoyarsk at the beginning of the next century,
2005, but it has been canceled for financial reasons. India is commissioning the
Kalpakkam plant with a capacity of 100 t HM/y for PHWR, and it will be put into
operation soon. The Chinese government is planing to operate a pilot reprocessing plant
at Jiuqua in 2001, followed by the second large scale plant by the year 2020. The total
projected reprocessing capacity worldwide increases over the period 1998-2010 due to
the deployment of new plants in Japan, and India, but after 2010 it will probably change
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due to likely closure of the Sellafield plant (B205) and the deployment of the second
Chinese plant.
Fig. 4 shows a comparison between worldwide reprocessing capacities and projected
reprocessing requirements calculated by the VISTA code. Calculation involves two
scenarios concerning the reprocessing ratio; SI (see the figure) increases gradually from
50% and reaches 100 % in the year 2005, while S2, assumes 100% up to 2020. With
respect to the scenario for electricity generation growth, it is the same as the former. Up
to the year 2020 capacities of reprocessing are enough to meet the requirements in the
scenario of 50% reprocessing, but only if the projected reprocessing facilities are put
into operation on schedule. However, the capacity would be short if operation of the
new facilities are delayed and fall behind schedule. The 100% reprocessing scenario is
unlikely nowadays.
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Fig. 4 Comparison between worldwide reprocessing capacities
and anticipated reprocessing requirements calculated by the VISTA code
With regard to international co-operation and agreement, the French UP3 and the UK's
THORP plants undertake commercial reprocessing under contract with other countries.
Similar agreements exist between Russia and Central European countries, although the
spent fuel volume concerned is not as large. France and the UK are also offering a
guaranteed MOX reprocessing service'6'.
The reprocessors have made efforts to improve the international market for reprocessing
by helping customer's respond to domestic waste management pressures. The UK is
now offering overseas customers the option to substitute a small quantity of high level
waste that is radiologically equivalent to the large volume of intermediate waste that
would be returned to them under contractual agreements. Such substitution would result
in large resource savings and reduced waste transport. With similar objectives, France is
planing to return waste to customers in single form containers that can accept both high
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and intermediate level waste<6).
3. Plutonium Utilization
The IAEA estimates that in 1997 about 10,5000 tonnes of spent fuel was discharged
from nuclear power reactors worldwide, which contained about 75 tonnes of plutonium.
It is foreseen that the annual plutonium production, as presumed from spent fuel arising
in Fig. 1, will remain more or less the same until 2015. The cumulative amount of
plutonium in spent fuel from nuclear power reactors worldwide is predicted to be about
2000 tonnes by 2015. It is estimated that about 3000 tonnes of spent fuel discharged
from power reactors were offered for reprocessing in 1997, which corresponds to about
30 % of the total. About 24 tonnes of plutonium were separated in reprocessing plants.
So far the stockpile of the separated plutonium is estimated to be about 200 tonnes, with
France, UK, USA and Russia being the major countries holding this civil plutonium(7>.
Plutonium fuels have been designed and developed principally to use in FBR in the
closed fuel cycle system. However, in the 1950s, it was anticipated that reprocessing
capacities would be enough to supply the requirements for feeding FBR prototypes for a
period of 20 years(8). In addition, there is another factor because exploitation of
commercial FBRs was delayed contrary to past anticipation. A MOX fuel assembly was
loaded in BR-3 in 1963 as the world's first plutonium recycle in LWR. Since then,
plutonium has been recycled in the form of MOX fuel in thermal reactors for more than
thirty years. The number of the thermal reactors loaded with MOX fuel assemblies is 32
in five countries which are Belgium, France, Germany Japan and Switzerland. France
and Germany are operating 16 and 10 plants loaded with MOX fuel, respectively.
MOX fuel fabrication is becoming a mature industry activity, particularly in Belgium,
France and UK. Fabrication plants for MOX fuel are being operated in Belgium, France,
UK, Japan and India(Table 1).
Table 1 MOX FUEL FABRICATION PLANTS AND THEIR CAPACITIES3' (t HM/y)
Country
Plant
1998
2000
2005
2010
Belgium
Dessel P0
35
40
40
40
40
40
40
Dessel PI
France
40
40
Cadarache,CFC
35
40
Marcoule,MELOX
160
160
160
120
Japan
15b
5C
5C
Tokai
15b
100
100
Rokkasho
UK
8
8
Sellafield
8
8
120
120
120
Sellafield, SMP
India
10
Tarapur
5
10
10
Russia
10
50
Mayak
533
573
218
433
Total
a) information provided by experts of IAEA Advisory Group Meeting at Vienna in Sept.
1998.
b) for ATR, Fugen and FBRs, Joyo and Monju
c) for FR, Monju
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In Belgium, the Dessel P0 plant has been operated with an average production
equivalent to 98% of its normal capacity over the last ten years. The design stage of
Dessel PI is complete and the facility could be operational within five years after
decision to build, but no decision has been taken so far.
In France, the Cogema plant at Cadarache, which previously fabricated FBR fuel, started
fabrication of MOX fuel for PWRs in 1991. The MELOX Cogema plant in, Marcoule
which started up in 1995 with the currently licensed capacity of 120 t HM/y, produced
68 t of MOX pellets in 1996 and is planned to reach its full capacity soon. Another new
plant for PWR, BWR and FR is planned at La Hague, but the start-up date and capacity
are not yet fixed.
JNC (PNC) Tokai pilot plant has fabricated MOX fuel for ATR, Fugen and FRs Joyo
and Monju. Japan is considering another large scale plant.
Russia constructed seven small-scale facilities with capacities from several tens to
hundreds kg HM/a in the 1980s for providing MOX test assemblies for FBRs(9). A pilotindustrial facility (first line) with a capacity of 5 t HM/a is under construction at PU
Majak, Chelyabinsk, for providing MOX fuel for commercial FRs. Subsequently, the
second line is under design. The project for the Complex 300 plant which was planned
to be constructed at the RT-2 plant in Krasnoyarsk has been canceled for lack of funding
along with the reprocessing plant110).
MDF, the MOX Development Facility in the UK produces both PWR and BWR MOX
fuels with a capacity of 8 t HM/a. Construction of SMP, the Sellafield MOX Plant, is
complete and start of its operation is anticipated in 1998.
A comparison of MOX fuel production capacities and predicted MOX fuel requirements
by 2010 is given in Fig. 5. The requirement was calculated, again using the VISTA code,
assuming the moderate growth of electricity generation and a 50 % reprocessing ratio.
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Fig. 5 Comparison between worldwide MOX fuel production capacities and predicted
annual MOX fuel requirements calculated by VISTA code.
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At present, MOX fuel requirements are near the full production capacities. This current
relation in the supply and demand of the MOX fuel reflects the near full capacity
prodcution of the commercial plants, as mentioned above for the Dessel PO plant.
However, it is foreseen that the supply will be in excess of demand up to 2010 because
of commissioning of the Sellafield SMP, expansion of the MELOX plant capacity and
deployment of the Rokkasho plant.
4. Burnup Credit0"
The Regular Advisory Group on Spent Fuel management recommended in 1995 to
identify and clarify areas of burnup credit applications. The first Advisory Group
meeting was held in October 1997 in the IAEA. The burnup credit is originally
motivated by consideration of economic efficiency, but its additional benefits may be
considered to contribute to public health and safety, and resource conservation and
environmental quality. Implementation of burnup credit has been envisaged in many
countries for such different needs as;
introduction of higher enriched fuel in the existing storage, reprocessing or transport
systems. In this case, application of burnup credit can avoid the need for new
installations or extensive modification of existing facilities.
increase of the storage capacities by allowing smaller distances between the fuel
assemblies,
increase of the cask capacities over current design capacities to reduce the number of
shipments.
The IAEA collected information on the status of burnup credit and the prospects of its
implementation. The status categorized into storage, transportation, reprocessing and
disposal, as of December 1997 is listed in Table 2.
The burnup credit defined by the Advisory Group is considered to be the reactivity
associated with the use of the fuel in the reactors. The different levels of burnup credit
which are commonly used are described as follows:
Credit for the net decrease of the fuel fissile content, taking into account both
burnup and buildup of the different fissile nuclides (net fissile content level)
Credit for the net fissile content and for the absorption effect of actinides (actinide
only level)
Credit for the actinide and the neutron absorption in the fission products (actinide
and fission product level)
Credit for the presence of integral burnable absorbers in the fuel design (integral
burnable absorber level)
Among the above-mentioned various levels of burnup credit, the net fissile content level
is generally not used alone and the actinide only level is applied in many countries such
as France, Germany, Russia and Switzerland. The status of the application of actinide
only level of burnup credit is as follows:
In France, the actinide only level is approved for wet storage, wet and dry storage
and reprocessing of spent PWR fuel.
In Germany the actinide only level is approved for dry transport of spent BWR fuel
in the CASTOR V/52 cask.
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In Russia the actinide only level is approved for wet transport of spent WWER-440
fuel from Kola Nuclear Power Plant.
In Switzerland this burnup credit level is approved for dry transport of spent PWR
fuel.
Actinide and fission product level of burnup credit is approved for PWR storage in the
USA, Korea and Spain, for RBMK wet storage in Russia and Lithuania and for dry
storage cask loading in the USA. Credit for the presence of integral burnable absorber is
approved for BWR wet storage systems in Germany, Spain, Sweden and Switzerland.
5. Conclusions
The IAEA has played important roles in peaceful use of the nuclear energy by collecting
and disseminating state-of-the-art information and providing technical support in the
area of nuclear power. This paper describes recent outcomes from the IAEA's activities
in the back-end of the nuclear fuel cycle, particularly focusing on the spent fuel
management, reprocessing, plutonium utilization and burnup credit. In this paper, the
following matters are elucidated or forecast with the aid of VISTA calculations:
-It is foreseen that the spent fuel arising worldwide is not much changed up to
2015. In the regional forecasts, spent fuel arising in Western Europe decreases,
while that in Asia and East Europe increases.
-Steady increase of the cumulative spent fuel amount worldwide is foreseen. Inter
alia, the growth in North America is outstanding, which reflects the adoption of
the open cycle policy without reprocessing. The cumulative amount from Western
Europe will decrease.
-It is foreseen that storage has surplus capacity over spent fuel arising up to 2015.
However, the spent fuel storage situation is substantially different in different
individual countries.
- An update of information on reprocessing facilities, their capacities and
projection worldwide is presented.
- It is foreseen that reprocessing capacities are sufficiently surplus to reprocessing
requirements, if 50 % of the spent fuel amounts are reprocessed.
-An updated country status on the MOX fuel fabrication is presented.
- It is foreseen that the capacity of MOX production is nearly the same as the
MOX fuel requirement at present, but by commissioning of new facilities, the
production capacities will eventually become greater than the requirements.
-Updated burnup credit implementation worldwide is presented.
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ABSTRACT
Experiment with spent fuels has started with the small scale reprocessing facility in NUCEFBECKY a 7 cell. Primary purpose of the experiment is to study the capability of long-lived nuclide
confinement both in the PUREX flow sheet applied to the large scale reprocessing plant and also in the
PARC flow sheet which is our proposal as a simplified reprocessing of one cycle extraction system.
Our interests in the experiment are the behaviors of minor long-lived nuclides and the behaviors of the
heterogeneous substances, such as sedimentation in the dissolver, organic cruds in the extraction banks.
The significance of those behaviors will be assessed from the standpoint of the process safety of
reprocessing for high burn-up fuels and MOX fuels.

I. INTRODUCTION
It is widely recognized that nuclear power is the only option for large scale power supply, so far.
That has been industrialized and has relatively smaller impact on the environment and is sustainable
into the 21st century. Full-scale ability of nuclear power can be realized by establishing fuel cycle
technology system, namely plutonium utilization system, which gives us the path to the effective use of
limited uranium resources. Research and development works on the process technology, focused on
enhancing economical and safety aspect, are very important in order to make the Pu utilization system
the more acceptable for the public and the utilities. The capability of minor nuclide confinement in
reprocessing is one of the important subjects to be studied.
Figure 1 is the picture of the inside of NUCEF-BECKY a 7 cell, in which a small scale
reprocessing facility is installed. The process equipment consists of the dissolution, off-gas treatment,
extraction cycles and effluent treatment systems. Since the installation of the facility, test runns have
been conducted to understand the basic process characteristics using un-irradiated uranium pellets and
radioactive tracers. In order to improve the remote operability and to reduce waste generation, the
original facility has been modified. After the modification, PWR spent fuel of app. 8,000MWd/tU
burn-up was introduced into the facility as the first spent fuel. Burn-up of spent fuel is planned to be
increased up to 45,000MWd/tU.
The studies are carried out according to the Annual Plan for the Safety Research of Nuclear
Facilities. Our primary aims are data collection on the behavior of long-lived radio-nuclides under the
modified PUREX type flow sheet conditions, two types of flow sheet; the JNFL flow sheet of
Rokkasho Reprocessing Plant and PARC flow sheet, the latter is our proposal to enhance further the
separation control of long-lived radio-nuclides for the future reprocessing. As for JNFL flow sheet of
Rokkasho reprocessing plant, experiment will be conducted for the flow sheet of single purification
- 178 -

JAERI-Conf

99-004

cycle, the condition of JNFL reprocessing plant, using high burn-up spent fuel up to 45,000 MWd/tU
Our interests in the experiment are the behaviors of minor nuchdes and the behaviors of substances
produced in the process. By taking the data, we will assess the results of safety review for the plant and
we will assess the significance of the effect of heterogeneous substances on the safety operation for
high burn-up fuels.

II. BEHAVIOR OF MINOR LONG-LIVED NUCLIDES
(1) Experiment on the head-end process
By using spent fuel of 8,000MWd/tU burn-up as the first spent fuel into NUCEF-BECKY, the
dissolution was conducted batch-wise three times, app. 500g of the spent fuel each. Initial nitric acid
concentration is 5M. Temperature is 1 0 0 1 . Dissolution behavior was studied by measuring
concentrations of U, Pu, and the other minor nuclides in the solution. Most fuel dissolved in about 100
minutes. The evolution of Kr-85 and NOx gases showed the release peaks at around 40 minutes after
the dissolution started. Concentration change with time for the gamma species and FPs were almost the
same as uranium concentration change, as shown in E&.2.
Iodine-129 was released into the dissolver off-gas and removed by the adsorbent columns of
silver impregnated silica-gel(AgS) particles. The off-gas treatment flow sheet is shown in Fjg«_3. The
system consists of one molecular sieve column, two iodine adsorption columns, and one back-up
iodine adsorption column. Operation temperature of the iodine adsorption columns is 150 °C.
Measurement of iodine concentration profile in the columns indicates that all the iodine which has flew
into the columns are confined. However, the amount of iodine-129 collected in columns are evaluated
to be about 63% of the iodine-129 calculated by ORIGEN code. By taking into account of the previous
experimental results for uranium and tracer test, the other part of iodine released to dissolver off-gas is
considered to be distributed in the head-end process; namely in the upper streamline of the off-gas
treatment system; a condenser, scrubber, HEPA filter, and the others consisting that part of head-end
process. The precise iodine distribution data for the spent fuel experiment have not been measured yet
successfully because of the high radio-activity. Amount of 14CO2 released in the dissolver off-gas
treatment system is also measured.
(2) Experiment on the extraction process
Distribution profiles of U, Pu and minor nuclides B7 Np, "Tc, 106Ru, 137Cs and others are
measured in the extraction cycles consisted of miniature mixer-settlers. The picture in Fig. 4 shows
these mixer-settlers installed in NUCEF-BECKY ot 7 cell. The experimental extraction cycle of
JNFL flow sheet consists of six steps; co-decontamination, FP scrubbing, U/Pu partition, U recovery,
U stripping and solvent-washing steps. Uranium concentration of the feed solution was 257 g/1.
Plutonium was 897mg/l. Np was 15 mg/1. The valence states of plutonium and neptunium in the feed
solution were mainly hexa-valent which were analyzed by a spectrophotometer. The concentration of
nitrous acid was very low, less than 8x10~5 M. More than 99.9% of both uranium and plutonium, and
about 50% neptunium, 99% technetium were extracted in co-decontamination step. In Tc scrubbing
step, 90% of the technetium were scrubbed. In U/Pu partition step, more than 80% of the neptunium
was found to flow into the plutonium product.
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IE. SUBSTANCES GENERATED IN THE PROCESS
(1) Sedimentation in the dissolution process
Insoluble residues in the fuel solution are studied. Solution samples are filtrated with multi-stage
polyethylene filters of several pore sizes. Chemical analysis of the insoluble residue showed that
ruthenium(Ru), molybdenum(Mo), palladium(Pd), zirconium(Zr), Silver(Ag) and Rhodium(Rh) are
major elements. The measured figures of molar ratio between Mo and Zr suggested that polymerized
zirconium molybdate is formed in the solution. Figure 5 shows the picture of zirconium molybdate
which is dark colored and adhered on the bottom of the stainless steel dissolver. This picture is not for
the spent fuel experiment but for the un-irradiated simulated spent fuel. The similar precipitate has been
observed for the spent fuel experiment, too. Those insoluble residue is expected to be produced the
more for the higher burn-up fuel. We will evaluate the significance of those products on the safety
operation of the process.
(2) Hydrogen azide in U/Pu partition process
Distribution profiles of minor organic compound, such as hydrogen azide which is a
decomposed product of hydrazine, are measured in the U/Pu partition step. Hydrazine is added in the
Pu reductant solution as the scavenger of nitrous acid in order to stabilize the reduced trivalent
plutonium. Figure 6 shows the measured concentration profiles of azide and hydrazine. It was
confirmed that hydrogen azide concentration is far lower than the explosion limit. We will study further
the behavior of azides in the effluent treatment system.

IV. PROCESS SIMULATION
hi parallel with conducting the experiment, the computer code system ARECS as shown in Fig,
2 are under development for the process simulation. The code system consists of several unit codes;
such as dissolution and off-gas treatment code, extraction process simulation code(ESSCAR) and
others. Data-base of process chemistry are supporting the calculation code system. Those data and
calculation codes are utihzed for the evaluation of process safety for the higher bum-up fuels and a
new-type flow sheet although it is limited to PUREX-type reprocessing. Those computer codes of
process simulation and data-base of process chemistry are developed in order to establish the technical
basis for the assessment of process safety of reprocessing.

V. PROCESS SIMPLIFICATION
The other aim in the experiment is to establish a simplified flow sheet. As for the PARC flow
sheet experiment, we will study the separation efficiency and the behavior of minor nuclides in a single
extraction cycle. The concept of PARC process, which we have already proposed, is based on the
practical compromise between the process simplification and the complete partitioning of long-lived
nuclides.
Process simplification is required both from viewpoint of reducing materials needed for plant
construction and from viewpoint of reducing the effluent volume in the process. On the other hand,
from the viewpoint of reducing the long-term toxicity of disposed high-level radioactive waste, the
complete partitioning and transmutation system of long-lived nuclides has been proposed. This needs
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an additional facility to the back-end cycle. Our proposal, PARC concept, is the option to manage those
contradictory considerations from the practical point of view, by giving the volatile(129I, 14C) and
extractable f^Np, "Tc) long-lived nuclides the higher priority to be controlled, because those nuclides
are more influential to the environmental safety in the context of long-term effect.
The recovery rate and separation efficiency of Np and Tc will be assessed in a proposed
separation flow sheet which applies the decomposable organic reductant of butyraldehyde. Basic
principle of PARC concept has been demonstrated successfully in a glove-boxe using simulated fuel
solutions. Figure 8 shows the experimental result of PARC flow sheet for one cycle extraction process
which has been conducted in a globe-box. Neptunium is reduced selectively by an organic reductant nbutyraldehyde before U/Pu partition step. Technetium is separated by high concentration nitric acid.
Plutonium is separated from uranium using iso-butyraldehyde which does not need hydrazine any
more. The recovery rate and separation efficiency of Np and Tc were satisfactory as the first step. The
feasibility and safety of the PARC flow sheet are studied by conducting experiments using spent fuels
in the cell. The efficiency of 129I and 14CO2 confinement in a proposed off-gas treatment system will be
assessed.
The efficiency of adsorbents for 14CO2 confinement in a proposed off-gas treatment system is
studied. We are now conducting the research on the adsorbents which captures carbon di-oxide to
collect long-lived radio-active carbon-14. Improvement has been observed as shown in Fjgtj) on the
capacity of adsorption by impregnating alkaline ions into the hydrogenated mordenites.

VI. "THERMAL Pu RECYCLE"
The utilization of light water reactors, namely thermal reactors, will be extended over a much
longer period of time in the future than expected before. The introduction of fast breeder reactors is
foreseen to be much delayed. The recovered plutonium in reprocessing plant is going to be loaded in
thermal reactors as the "thermal MOX" fuel. The public and the utilities will watch the satisfactory
results of the safety and economical achievement of plutonium recycling to the thermal reactors in the
industrial scale, first. And as the next step, they will take the option to select the more effective way of
plutonium recycling in the longer-term future.
So, we think that it is meaningful to study "a thermal plutonium recycle system" which recycles
plutonium from spent uranium fuels, mixed with plutonium from spent thermal MOX fuels by
reprocessing both spent fuels mixed in an advanced PUREX type large scale reprocessing plant.
In NUCEF-BECKY a j

cell, we will conduct the study on the process safety for the flow

sheets applicable for the large scale reprocessing plant. We continue to make effort for the further
enhancement of minor nuclide confinement capability. And we continue to make effort for the
development of the simplified reprocessing process which is applicable for "a thermal plutonium
recycle system". We believe that all those efforts are useful for the establishment of fuel cycle
technology which are more popular for the public in the next generation. That is indispensable
technology for the sustainable growth of our society.

VII. CONCLUSION
Spent fuels has been introduced into the small scale reprocessing facility in NUCEF-BECKY
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a 7 cell. Behaviors of minor long-lived nuclides and the behaviors of substances produced in the
process are studied for the PUREX flow sheet applied to the Rokkasho reprocessing plant. Separation
performance and capability of long-lived nuclide confinement is studied for the PARC flow sheet
which is our proposal as a simplified reprocessing of one cycle extraction system for the future.

REFERENCES
1) "Separation of mobile long-lived nuclides in a simplified reprocessing," S.Fujine, G.Uchiyama,
T.Kihara, TAsakura, T.Sakurai, Procof GLOBAL'97, p.255(1997).
2) "The separation of neptunium and technetium in advanced PUREX process," G.Uchiyama,
TAsakura, S.Hotoku, S.Fujine, Solvent Extraction and Ion Exchange, pll91,16(1998).
3) "Dissolution test of spent fuel in the NUCEF a 7 cell including dissolver off-gas treatment,"
H.Mineo, T.Kihara, Y.Nakano, S.Kimura, ATakahashi, Y.Yagi, G.Uchiyama, S.Hotoku,
M.Watanabe, K.Kamei, H.Hagiya, T.Iijima, S.Fujine, Proc. of 2nd NUCEF Inter. Symp.
NUCEF'98(1998).

- 182 -

JAERI-Conf

99-004

8

U
o
T3

BC

8
o

a
2so
p

^>i

o

^.a

a
e

W

- 183

havior of Spent Fuel
(8,
Dissolvsr
UNO

I

o

>
m

Steam

2
n
o
3

i

100°C

100

150

200

250

Dissolution time [ min 1
in
behavior of radio-nuclides to
of insoluble residue,
nuciides in dissolver solution
Fig. 2 Experiment of spent fuel dissolution in NUCEF-BECKY

Iodine-129 Capturing Test using
(Silver impregnated silica-gel) Column:
(8,000 MWd/tU, PWR)
Experimental Apparatus for
Iodine Capture
(0ff.ga5
NOx monitor
j~~l 7 cartridges
/column

o

Filter

Distributions of 129I in the Column
I.00E+05

•§* 1.00E+04
S 1.00E+03
or

Kr
monitor

m
2
n
§

m 1.00E+02

00

1.00E+01
MS-3A
Columni
(60°C)

AgS
Column 2
(150°C)

AgS
Column 3
(150°C)

Back-up
AgSColumn4
(150t)

AgS : 3.38 g / cartridge
1 cartidge: 44 mm o.d.; 15 mm in length

Column 2

Column 3
Iodine in off-gas can becaptured completely by AgS
columns, but can be found in the off-gas piping walls
and in dissolver soluiton

- Obtaining data for safety evaluation of large-scale
reprocessing plant
• Distribution data of volatile and long-lived radio-nuclide (129I)
• Evaluation of treatment techniques of off-gas treatment
Fig. 3 Iodine-129 adsorption by silver impregnated silica-gel columns

O
O

operation Data in Extraction Step
(8,000 MWd/tU, PWR)
Miniature-sized mixer-settler
contactors

Concentration profiles in the codecontamination -FP scrubbing step
organic
solvent

dissolver
solution ,

2M 4M
HNO, HNO,

l _ . _ . l . _ 3 ].

;

3

HLLW ——j Co-decontamination j£ rU b scrub. • - - - y / p u
1Oa

=

Aq. Zr

=

Org. Pu

a

A5.Cs

10'

partitioning
step

I

—
"~

10'1

c
© 10":

a

I
f

10l 1

/Org. Np

Org. Tc

|O
11111111

5

2

o
o

101
00
O5

m

I
1

1

1

1

1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Stage number [ -

• Obtaining data for safety evaluation of large-scale
reprocessing plant
• Behavior of minor elements in the first separation cycle
(decontamination factors, distribution behavior between two-phases)
Fig. 4 Experiment of the extraction cycle in NUCEF-BECKY

Characteristics of Insoluble Residu;
Spent Fuel Dissolution
(8,000 MWei/tU, PWR)
Zirconium Molybdate
found in the bottom
section of a dissolver

Diameter distribution and constituent
elements of insoluble particles suspended
in dissolver solution

ZrMo 2 O 7 (OH) 2 (H 2 O) 2 precipitates
ra

2

I

n

00

I

Polyethylene
filters

Filter size [\xm]

Obtaining data for safety evaluation of large-scale
-valuation of the impact of products in the process
Fig. 5 Characteristics of insoluble residues in the ftiel solution

Distribution of Unstable Organic
U/Pu Partitioning Step
Extraction test (8,000 MWd/tU, PWR)

'0.4

Diluent
(nDD) ^

I y-Pu solution ]
Pu reductant
! from extractor iB J (hydrazine solution)
y
>

y
•

•

>

1

4 5
Diluent
washing

9110

U washing

-40

Hydrogen Azides (Org.)
Hydrazine (Aq.)

2(

U/Pu PartMoning

30

u
o
o
20

>
m
n
c
3

00
00

Y
Pa

|

Extractor II 1

solvent
receiving tank

y
Uloaded
solvent

ac

10

Formation of Hydrogen Azides
2H5

+

+ HNO, - •

(Pu reductant) (U/Pu solution)

Stage number of Extractor II [ - ]
Concentration of Hydrogen Azides:
1/1000-1/100 of the explosion-limit

Fig. 6 Distribution behavior of hydrogen azide and hydrazine in U/Pu partition step

2

o

OUTPUT

INPUT
Composition of Spent Fuels:
High Burn up UOX
Thermal MOX

EiglnertBUWtikSlaUu

T
Simulation Code of
Continuous Dissolver
&
Offgas Treatment

• Evaluation of Reprocessing for
New Type Fuels
> Simulation of Transient Behaviour
of Individual Long-lived Nuclides
• Simulation of New Flow Sheet

00

Evaluation Code
of Ions Valency

DI6I

en

Simulation Code of
Extraction Process

*
DATABASE
Fundamental Data, Chemical Data

ESSCAR

2

O
o

Evaluation Code of
Solvent
Degradation

OUTPUT
Basic Technical Data

Computer code system ARECS
(Advanced Reprocessing Evaluation Code System)
Fig. 7 Development of the computer code system ARECS

3

O

o

Extraction Step of PARC Process
1

(Np separation): selective reduction
by an organic reductant n-butyraldehyde

Separation data in a system of UPu-RI solution
Simulated
dissolver solution

Irradiated
solvent

O.Sg/LNH.VO,
3M HNO,

30% TBP/nDD
(1.5X1CJSR)

Np(VI) - * Np(V)

U
250g/L
Pu
2.68g/L
H*
2.9N
Tc
5Bmg/L
Np 137rng/L

Np oxidant

I

1

5

14

Np
Co-decontamination

oxidation

(Tc separation):

Pu
Np 8.0%
Tc 1.0%

16

FP
scrub.

Extractor I

HLLW
u

separation by concentrated HNO3

FP scrub

Np reductant
i-butyraldehyde

Np scrub
3M HNO,

Tc scrub
6M HNO3

tn
n
o
3

o
I

Np solution

(U/Pu partitioning): selective reduction
by an organic reductant iso-butyraldehyde

Pu(IV) - > Pu(lll)
(Solvent regeneration):
solvent washing by butylamine derivatives

U
2.6 %
Pu 3.0%
Np 73.0 %
Tc 90.0%

Tc separation

Np separation
Extractor II

Tc solution
u 3.1 %
r u leuLJCTcnlT"™
ISO-

Pu 0.6%
Np 16.0 %
Tc 8.0%

unirradiated
solvent
30% TBP/nDD

1

Pu scrub
3M HNO,

5

U scrub

U/Pu partitioning

Pu solutioi
u
Pu 92.0%
Np 1.0 %
Tc
1.0%

Fig. 8 Development of the extraction cycle for PARC process concept

JL

I Extractor I
|U loaded solvent!

Research of Adsorbents Capturing Volatile
Long-lived Radionuclides (14CO2)
Experimental apparatus for
adsorption test

C0 2 adsorption capacity of
modified hydrogenated mordenite
500

1

Air-

Natural mordenite
Hydrogenated
mordenite (H-M)

N2-

2M NaOH + H-M

2

NOx-

n

Flow
controllers

o

o
o

Adsorption column
10

15

20

Time[hr]

Breakthrough curves of CO2 adsorbents

•Technology to reduce release rate of14CO2
- Dissolver off-gas treatment combined with the iodine
adsorbent, AgS
Fig. 9 Research and development on the adsorption of MCO2

JAERI-Conf 99-004

JP9950233

APPROACH TO THE EXTREME SAFETY
IN A NUCLEAR FUEL REPROCESSING SYSTEM
IN MILD AQUEOUS SOLUTIONS
N. Asanuma, Y. Asano, H. Tomiyasu, K. Mizumachi*,
Y. Ikeda**, M. Asou*** and M. Hanzawa****
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152; *: Meiji University, School of Science and
Technology, Higashimita, Tama-ku, Kawasaki 214; **: Institute of Research
Innovation, Kashiwa, Chiba 277; ***: Tokyo Electric Power Company,
Nuclear Fuel Cycle Department, Egasaki-cho, Tsurumi-ku, Yokohama 230;
****. Mitsubishi Materials Corporation, Koishigawa, Bunkyo-ku, Tokyo 112.

ABSTRACT
The purpose of the present paper is to establish a new nuclear fuel reprocessing system,
which is aimed to achieve the extreme safety. In order to avoid any potential danger of
explosion, all processes are made by the precipitation method at room temperature. The system
consists of the following processes: 1. crystallization of uranyl nitrate from a dissolved fuel
solution by cooling the solution; 2. complex formation of UO22+ and Pu4+ with carbonate ion
by the addition of Na2(X>3-NaHCO3 solution adjusting pH to 9, followed by the separation of a
precipitate containing the major fission products by the centrifugation method; 3. separation of
Cs as a precipitate of cesium tetraphenylborate; 4. recovery of U and Pu as precipitates of
hydroxo compounds from the alkaline solution by the addition of NaOH solution; 5. separation
of Sr from the precipitate in process 2; 6. recovery of NaHCC>3 from the NaOH solution by
bubbling CO2 gas. As a result, 99.95% of the U was recovered with the least amount of fission
products. Pu are expected to be recovered in the same way as U. In conclusion, the present
reprocessing system enables us to recover U and Pu in high ratios from spent nuclear fuel by
means of a simple precipitation method, to separate hazardous Cs and Sr from high-level waste,
and to exclude any potential danger owing to chemical processes under mild aqueous
conditions.

INTRODUCTION
In view of current nuclear fuel reprocessing, interest has been focused on the recoveries
of U and TRU (transuranic elements) in high ratios because of their hazardous nature as longlife a-emitting radioactive elements. In order to reduce the toxicity of high-level waste, the
separations of strong radioactive elements such as Cs and Sr are of particular importance as
well. Among many subjects arisen in the nuclear fuel reprocessing, what is of primary
importance is extreme safety and therefore any potential danger has to be avoided.
The PUREX is the only reprocessing method, which has been applied to commercial
plants. Although this method is well designed and established to separate U and Pu from spent
nuclear fuel, there still remain the following problems unsolved: dissolution of UO2 fuel is
made under severe conditions, i.e. in high concentration of HNO3 at nearly boiling temperature;
organic solvents used have potential danger of explosion and flammability; high recovery ratios
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(more than 99.9%) for U and TRU have not been established yet, though recent extraction
methods of recovering TRU using CMP (carbamoylmethylphosphonate) and CMPO
(carbamoylmethylphosphine oxide) have been in progress [1]; the amount of non-radioactive
waste produced by means of the extraction method is extremely large. Recently, the
pyrometallurgical reprocessing method is in great progress [2]. As a matter of fact, this method
appears to succeed to recover U from molten salts in high ratio. However, difficulty arises
rather in the fundamental of this method how to keep the safety of the system under such severe
conditions at temperature as high as 500°C containing exothermic and volatile radioactive
elements such as Cs.
In the earlier reprocessing methods, the recovery of pure Pu was primary important and
little attention was paid for the recovery of minor actinides [3]. For the purpose of nuclear fuel
cycle, least amount of impurities are allowed in recovered U and TRU, while extremely high
recovery ratios for these elements are required in order to reduce the toxicity of high-level
waste. On the basis of these facts, we propose a new concept for the nuclear fuel reprocessing
that sufficient amount of fission products should be removed from the spent nuclear fuel instead
of separating U and Pu from fission products. This concept should result in the recoveries of U
and Pu in high ratios.
EXPERIMENTAL
Experiments were carried out for a simulated spent fuel, which was calculated from the
ORIGEN code for a PWR (pressurized water reactor) fuel (4.5% of initial 235 U enrichment,
burn-up ratio 45,000 MW/D, specific power 38 MW/D and four years cooling). The species of
U(VI) and 17 major fission products used as the simulated spent nuclear fuel are as follows:
UO2(NO3)2, Sr(NO3)2, Y(NO3)3, ZrO(NO3)2, Rh(NO3)3, Pd(NO 3 ) 2 , Ba(NO3)2, La(NO3)3,
(NH4)2Ce(NO3)6, Pr(NO3)3, Nd(NO3)3, Sm(NO3)3, CsNO3, RbNO3, H 6 Te0 6 , Re2O7,
Na2MoO4 and RuNO(NO3)3. These species were dissolved in 1M HNO3 solution. The
concentration of the elements were determined by either ICP emission spectrophotometric
(Perkin Elmer Optima 3000) or flame analysis (Hitach Z-5000) methods. The pH of the
simulated fuel solution was adjusted to 9 by 0.5M Na2CO3-NaHCO3 solution. The precipitates
were separated by filtration or centrifugation (2500rpm) using a Kubota model KS-4000.
For the separation of Cs, N a ^ H s ^ B was used as a precipitant of Cs. Precipitation
separation of Sr was made by using 18-crown-6 (MERCK KGaA) and silicotungstic acid 26
water (Kanto Chem. Co., Inc.). Unless otherwise stated, all chemicals used were reagent grade
and were manufactured by Wako Pure Chem. Industries, Ltd. or Aldrich Chem. CO.. Water
used was distilled after deionization.
RESULTS AND DISCUSSION
Scheme of the New Reprocessing System
The present reprocessing system is based on a new concept, where fission products are
removed by the precipitation method from spent nuclear fuel keeping U and Pu in a solution.
This concept is completely the reverse of the conventional methods, where U and Pu are
separated from spent nuclear fuel. For extreme safety, all processes are made in aqueous
solutions under mild conditions without using any flammable organic solvent. In order to
decrease the radioactivity of radioactive waste, strong radioactive elements, such as Cs and Sr,
should be separated. These separations would be better in the earlier stage of reprocessing
system prior to the recovery of U and Pu. Experiments were carried out for the simulated spent
nuclear fuel solution, which was calculated form ORIGEN code, containing U and 17 elements.
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The present reprocessing system is shown in Fig. 1.
Crystallization of Uranyl Nitrate
By the uranyl nitrate crystallization method, U is partly removed from the dissolved fuel
solution. The crystallization process has some advantages. The one is to decrease the
concentration of uranyl ion in the dissolved fuel solution. As a matter of fact, about 70% of U
was removed from 3M HNO3 solution by the crystallization at -20°C [4]. In this case, the
concentration of U in the dissolved fuel solution decrease from 1M to approximately 0.2M,
under which condition the formation of actinyl carbonato complexes (following process) can be
made more easily. The crystallization process enables us to control the proportion of U in the
recovered actinide elements, since only uranyl ion crystallized from the dissolved solution. In
order to avoid the mixing of Pu and Np into the crystallized uranyl, both NpC>22+ and PuC>22+
have to be reduced to NpC>2+ and Pu4+, respectively, by the addition of NaNO2.
Complex Formation of UCVT) and Pu(IV) with Carbonate Ion
The addition of Na2CO3-NaHCC«3 solution results in the formation of carbonato
complexes of hexa-valent actinyl ion, MC»22+, i.e. [UO2(CO3)3]4+, and Pu 4+ . Uranyl carbonato
complexes are considerably soluble in basic solution. The solubility of U(VI) was nearly 0.2M
at pH 7-9 [5]. Under such condition, most of the fission products were precipitated by forming
either hydroxo compounds or insoluble carbonate salts. The results of the experiments with the
simulated dissolved solution are listed in Table I. Alkaline earth elements, Sr and Ba, are
precipitated over 90% as carbonate salts. Lanthanide ions are precipitated nearly 100% as
hydroxo compounds. Similarly, Te, Y and Rh are precipitated in high ratios. On the other hand,
Zr, Ru and Mo were only partly precipitated. Alkaline metals, Cs and Rb, and Re remained
nearly 100% in the solution. Re was used to simulate the presence of Tc. The precipitation
occurred instantaneously and the precipitate was completely separated by centrifugation from
uranyl ion remained in the solution as carbonato complexes. The tri-valent actinide ions,
Am(III) and Cm(III), behave similarly to tri-valent lanthanide ions and are expected to
precipitate with them. The penta-valent Np is expected to precipitate as hydroxo compounds
under such basic condition.
Separation of Cs
It is well known that sodium tetraphenylborate (Na(C6H5)4B) is a specific precipitant of
Cs [6]. An aqueous solution containing N a ^ H s ^ B was mixed with the simulated solution
after removing the precipitate occurred by the addition of Na2CO3-NaHCC>3 solution. The
precipitation ratio of Cs is nearly 100% (table II). The precipitates contain not only Cs but also
Rb and Pd.
Recovery of U and Pu
Sufficient amount of fission products were removed from the dissolved fuel solution by
adding Na2CO3-NaHCC>3 and N a ^ H s ^ B solutions. In the solution after removing Cs as the
precipitate of tetraphenylborate salt, some elements still remain partly or fully with U(VI) ion,
i.e. Mo remains -60%, Zr ~20% and Ru -30%, and Re remains nearly 100%. Considering the
similarity of chemical behavior between Tc and Re, Tc is expected to remain fully in the
solution. In order to recover U as hydroxo compounds, NaOH was added to this solution. As
seen in Table III, the concentration of residual U in the solution was 4ppm, and accordingly the
recovery ratio of U was 99.95%. Zr behaved similarly to U and thus Zr mixes into the
precipitate. Mo precipitated only 8%. Tc is expected to remain in the solution, so that Re used
instead of Tc remained fully in the solution. The result indicates that U can be well recovered as
- 194 -

JAERI-Conf

99-004

precipitate from alkaline solution with impurities of only Mo and Zr. Note, however, that Mo
and Zr are already partly removed in the earlier process and that these elements would not cause
any serious problem if the recovered U becomes nuclear fuel without further purification. Pu is
expected to recover as precipitates of hydroxo compounds like U.
Separation of Sr
In Fig. 1, the precipitate formed by the addition of Na2CO3-NaHCO3 solution contains
most of the fission products such as Sr and lanthanides as well as minor actinides, i.e. Np, Am
and Cm. Unlike the actinide and lanthanide ions precipitated as hydroxo compounds, the
alkaline earth ions precipitated as insoluble carbonate salts. These carbonate salts tend to be
soluble in slightly acidic solutions. As a matter of fact, Sr and Ba salts are soluble at pH 6,
under which condition the hydroxo compounds of lanthanide ions are still insoluble. Therefore,
if the precipitate 1 in Fig. 1 is washed by slightly acidic solutions, Sr and Ba should be
removed from the precipitate. Experiments were carried out as follows: the precipitate was
dissolved again in 1M HNO3 and then pH of the solution was varied by adding Na2CO3NaHCC>3 solution. As seen in Fig. 2, over 95% of Sr remained in the solution with Ba, while
other elements, lanthanides, noble metals, Zr and Mo, were precipitated in high ratios.
Another method for the separation of Sr is a precipitation method. It is well known that Sr
ion forms complexes with crown ethers, especially with 18-crown-6. This complex formes
insoluble compound with silicotungstic acid (H^SiW^O^o) [7]. Experiments were carried out
in both HNO3 and HC1 solutions. It was found that the precipitation ratio of Sr was 100% in
3M HC1, while 84% in 3M HNO3 (Fig- 3).
Recovery of Na
In the present reprocessing system a large quantity of Na is used. Na accumulates in the
alkaline solution after recovering U (solution 4 in Fig. 1). In order to decrease the amount of
radioactive waste, Na is recovered from the alkaline solution as NaHCC>3 salts. Experiments
were carried out by bubbling CO2 gas through NaOH solution, followed by cooling the
solution. By this method, as seen in Fig. 4, about 70% of Na can be recovered from 3M NaOH
solution. Recovery of Na enables us to decrease of the amount of radioactive waste, because the
recovered NaHCC>3 salts can be used again in the beginning of the present system.

CONCLUSION
In the present study, we propose a new reprocessing system which is kept under mild
aqueous conditions without using any organic solvent. Therefore the extreme safety should be
satisfied. The results can be summarized as follows: crystallization of uranyl nitrate from a
dissolved fuel solution makes it possible to decrease the concentration of U prior to the
formation of actinyl carbonate complexes; addition of Na2CC>3-NaHCO3 solution adjusting pH
to 9 results in the precipitation of major fission products such as rare earths, noble metals and
Sr as well as minor actinides, Np(V), Am(III) and Cm(III), which were separated from U(VI)
and Pu(FV) forming high soluble carbonato complexes; separation of Cs was efficiently made
by adding tetraphenylborate ion as a precipitant; Sr can be completely separated from the first
precipitate by using 18C6 and silicotungstic acid; U was recovered in a high ratio as hydroxo
compounds by the addition of NaOH and the same result is expected for Pu; Na was recovered
from the NaOH solution by bubbling CO2 gas and the recovered NaHCO3 can be used again in
the system. Sufficient amount of fission products remove from the spent nuclear fuel by the
present reprocessing system. In Table IV, amounts of impurities in lg recovered U are
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summarized. Simulated fission products in lg recovered U was in the order of 10-5 g or even
less except for Zr and Mo. Since the crystallization method decreases the proportion of U
compared to Pu, the finally recovered U and Pu can be used as a mixed-oxide fuel.
The new reprocessing system has been established by a simple precipitation method
under mild aqueous condition without any potential danger, where the extreme safety should be
guaranteed.
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Fig. 2
Dissolution ratios of simulated fission products as a
function of pH by adding Na 2 CO 3 -NaHCO 3 solution
Rare earths, except for La, Ce and Nd, noble metals,
Zr and Mo completely precipitated in this pH region.
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Fig. 4
Recovery ratio of Na in 3M NaOH solution
CO gas flow rate : 3.0 L/min, Temperature of the solution : ~ 5 °C
— The maximum recovery ratio calculated from NaHCO3
solubility at the given temperature
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Table I The initial concentrations of simulated fission products and their
residual concentrations after the pH was adjusted to 9 by adding 0.5M
Na2CO3-NaHCO3 solution
Cone.
(initial)
[lO^ppm]

Elements

Cone.
(pH9)
[ppm]

4
0

1
1

2.6
5.3

9

93
97

14
37

1.6
4.0
7.8
3.9
13.5
2.5

2
2
<1
2
1

97
100
100
100
100
100

39
>195
190
>190
329
122

7.4
1.3
3.2

90
2
64

75
97
59

4
32
2

11.5
11.3
2.6
1.4

135
329
119
3

76
40
6
97

4

Cs
Rb

9.6

Alkaline earth
metals

Sr
Ba

Rare earths

Y
La

1.4

Pr
Nd
Sm
Noble metals

Ru(HI)
Rh(DI)
Pd(II)

Others

ZnTV)
Mo(VI)
Re(VII)b
Te(VI)

[%]

Decontamination
factor

450
69

Alkaline
metals

CeKJV)

Precipitation
ratio

7

<1

2
1
23

The 0.5M Na2CO3-NaHCC>3 solution was mixed with the simulated dissolved fuel solution in the
volume ratio of 1:1.
Rhenium was used to simulate the presence of Tc.

Table II The concentrations of residual Cs and other elements of simulated
fission products in Na2CO3-NaHC€)3 solution after addition of sodium
tetraphenylborate (STPB)a
Elements

Cone,
(initial)
[102ppm]

Cone,
(after addition of STPB)
[ppm]

Precipitation
ratio
[%]

Decontamination
factor

Alkaline
metals

Cs
Rb

9.6
1.4

<1
<1

100
>97

>234
>34

Noble
metals

Ru
Pd

7.4
3.2

52
<1

73
>99

4
>56

Others

Zr
Mo
Reb

11.5
11.3
2.6

58
155
60

79
44
5

5
2
1

The 0.10M STPB aqueous solution was mixed with an equivalent volume of the simulated fuel
solution after removing the precipitate occurred by the addition of Na2CO3-NaHCC»3 solution.
Rhenium was used to simulate the presence of Tc.
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Table III The precipitation ratios of simulated fission products in Na2CC>3NaHCO3 solution with sodium tetraphenylborate and NaOH solutions added"
Cone.
(initial)

Cone.
(after addition
of NaOH)
[ppm]

Precipitation
ratio

[102ppm]

Cone.
(after addition
of STPB)
[ppm]

2380

17630b

4

99.95

Ru

7.4

15

4

47

2

Zr
Mo

11.5
11.3
2.6

20
50
19

<1
23
10

>90
8
0

>10
1
1

S

Actinide

U(VD

Noble metal

c

Others0

Red

a

Decontami
nation
factor

[%]

2204

1M NaOH solution was mixed with an equivalent volume of the simulated fuel solution which most of
the fission products was removed by adding Na2CO3-NaHCO3 solution and STPB solution in the volume
ratio of 1:5.75 and 1:1, respectively,
The concentration of U in the precipitates was determined with a proportional counter, and the
precipitation of U was assumed to be negligible,
The concentrations were determined for the simulated dissolved fuel solution without U(VI) in order to
avoid the measurement error caused by a large amount of U(V1).
Rhenium was used to simulate the presence of Tc.

b
c
d

Table IV

The ratios of simulated fission products in lg recovered uranium
Elements

d

1

Alkaline metals

Cs
Rb

9.6
1.4

< 5.7 x 10-5
< 5.7 x 10-5

Alkaline earth
metals

Bab

2.6
5.3

7.5 x 10-5
5.8 x 10-5

Rare earths

Yb

1.6
4.0
7.8
3.9
13.5
2.5

2.8 x 10-5
< 2.8 x 10-5
2.8 x 10-5
< 2.8 x 10-5
2.8 x 10-5
2.8 x 10-5

Noble metals

Ru(ffl)c
Rh(ffl)t>
Pd(ID

7.4
1.3
3.2

5.7 x 10-4
2.8 x 10-5
< 5.7 x 10-5

Others

ZnTV)c
Mo(VI)c

11.5
11.3
2.6
1.4

1.1 x 10-3
2.3 x 10-4
5.7 x 10-5
2.8 x 10-5

Re(VII)c.d
Te(VI)b

c

2380

U(VI)

Smb

b

Amount of impurity in lg
recovered uraniuma
[g]

Actinide

La
Ce(IV)b
Pr
Ndb

a

Cone,
(initial)
[lO^ppm]

The amount of recovered U was calculated from the concentration of U(VI) in the filtrate which was
4 ppm finally,
These elements that remained in the solutions after adding Na2CO3-NaHCC»3 solution were
assumed to be finally recovered with U(VI).
This was calculated based on the results of Table III. Zirconium was assumed to precipitate
completely by adding NaOH solution,
Rhenium was used to simulate the presence of Tc.
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Partitioning Studies in France : the SPIN Program
B. BOULLIS
Commissariat a I'Energie Atomique (CEA), Fuel Cycle Directorate
30207 Bagnols-sur-Ceze, France
e-mail : bernard.boullis@cea.fr

INTRODUCTION
The law concerning high-level and long-lived radioactive waste management, voted by the
French Parliament in December 1991, identifies three complementary directions for further
research in this field : partitioning & transmutation, deep geological disposal, conditioning of
long term storage. The first area of research to be carried out under the law is an assessment,
within fifteen years (i.e. not later than 2006), of possible ways to separate long-lived
radionuclides from the others in the waste, for transmutation.
The CEA responded by initiating the SPIN (SeParation and INcineration) program, which
involves mainly CEA chemists and physicists, as well as other research teams. It is supported
by the French Government and by industrial operators, COGEMA, EDF, and FRAMATOME,
and is subject to annual review by the National Assessment Commission, instituted by the
1991 law.
The research approach is both open and extensive in scope, with the objective of evaluating
suitable options and, at the term fixed by the law, to provide pertinent data to the National
Authorities responsible for making the relevant decisions.
This paper provides a brief overview of the work carried out on partitioning : the relevant
nuclides, the main options investigated, the status of the different concepts, and, very briefly,
possible alternative routes.

1. ELEMENTS OF STRATEGY
The first issue we had to address was to identify the nuclides covered by the program.
Plutonium is not strictly considered part of the SPIN partitioning program because it is not a
waste product but a valuable element, and because selective plutonium recovery is fully
achievable today by the PUREX process. If long-lived nuclides are considered to be those
with half-lives exceeding thirty years, they are rather numerous in spent fuel, with distinct
chemical properties. The most significant (in term of abundance) are indicated in Figure 1,
and account for about three kilograms per metric ton of initial uranium with a burnup of
35 GWd-t"1. They represent about 10% of the total amount of elements in HLW. However, if
we consider the chemical elements concerned, long-lived nuclides and all their isotopes
(stable or shorter-lived), the amount is three times higher, about 30%.
We have proposed to focus on two major groups of nuclides :
• the minor actinides, which account for most of the long-term radiotoxicity of spent fuel
with the exception of plutonium, as shown in Figure 2, where the incidence of the different
contributions is plotted versus time. As noted above, plutonium as a reusable energetic
-
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material, is not considered within the scope of the SPIN program, but as it is also the main
contributor to long-term radiotoxicity, the scenarios studies concerning long-lived waste
management must be organized with respect of those concerning long-term plutonium
management ;
• some fission or activation products, which could have greater radiological impact in the
eventuality of storage or geological disposal, owing to their greater relative mobility in the
geosphere.
The main candidates for partitioning R&D thus include the following (Figure 2 ) : neptunium,
americium, curium (minor actinides) iodine, technetium and cesium (potentially "mobile"
fission products with a relatively abundant long-lived isotope). This list is not definitive : the
impact of other long-lived fission or activation products must be more accurately assessed to
confirm or to complete the preliminary selection.

The second basic question concerned the choice of a partitioning process. The decision to
examine mainly solvent extraction processes beyond the PUREX step was based on three
considerations :
- the need for prior plutonium separation, achievable by the PUREX process ;
- extensive experience with the PUREX process in the French reprocessing plants
operated by COGEMA, which confirms that a high degree of separation can be achieved
with a relatively small amount of secondary waste through the use of hydrometallurgical
techniques;
- the deadline (2006) stipulated by the 1991 law, which favors technological continuity.
The strategy adopted may thus be summarized as follows :
- take maximum advantage of the PUREX process whenever possible ;
- explore additional selective extraction steps, using new extractants to be defined ;
- examine the potential of other technologies.
Any new processes must meet several basic requirements : performance, safety, cost control,
minimal secondary waste generation.... These considerations, for example, are implemented
in the criteria for developing new extractants :
- affinity, selectivity (obviously),
- reversibility, kinetics (for process operability : the best extractant is not always the most
active);
- compatibility with a nuclear environment;
- amount of mineral residue after its lifetime.

2. CURRENT STATUS OF PARTITIONING R&D
The reference option is summarized in the general block diagram (Figure 3). Iodine and
soluble technetium are recoverable using the PUREX process. And extensive possibilities are
available for neptunium too. Hexavalent neptunium is extracted by TBP in the PUREX
process first cycle under standard operating conditions. Neptunium extraction (and thus
neptunium separation from the fission products) can be enhanced by favoring the oxidation of
the residual pentavalent neptunium ; this should be possible with a slight increase in the nitric
acid concentration in the aqueous phase. Figure 4 shows the neptunium calculated
concentration profiles in a pulsed column eight meters high, with a nitric acid concentration of
4 M in the feed solution. These simulations, which suggest that quantitative neptunium
-
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extraction is feasible, will be checked by specific hot tests in a representative laboratory-scale
test rig.
The separation of trivalent minor actinides is not feasible using the PUREX process. We are
developing new extractants in a first step (DIAMEX) for recovery of Am, Cm and lanthanides
from the highly acidic PUREX raffinate, a second step (SANEX) for actinide separation from
the lanthanides, and a third step (SESAME) for americium separation from curium. New
specific extractants, functionalized calixarenes, have also been investigated for cesium, and
have demonstrated very high selectivity and reversibility potential by simple adjustment of the
nitric acid concentration in the aqueous phase : high distribution coefficients for high
acidities, allowing selective Cs extraction; low distribution coefficients at lower acidities,
allowing back-extraction (Figure 5).
The DIAMEX (DIAMide Extraction) concept, based on the strong extracting properties of
oxygen donor extractants, was validated by hot tests performed at laboratory scale five years
ago. Main principles have been checked, especially quantitative recovery of both actinides and
(unfortunately, but inevitably) lanthanides. The principal ongoing work concerns optimization
to extend the operating range of the extractant formula; extractant decomposition under
radiolysis and hydrolysis ; byproduct removal procedures ; and flowsheet adjustment to
improve selectivity with respect to some fission products, notably ruthenium and palladium.
Figure 6 shows the evolution of our "DIAMEX reference molecule", dimethyl dibutyl
tetradecyl malonamide. We have confirmed that increasing the total number of carbon atoms
and adding an ethoxy group on the central chain favorably affected the extraction efficiency
and complex solubility in the organic phase. We also think that a different distribution of the
carbon chains between central carbon and lateral nitrogen atoms could lead to the formation of
byproducts with shorter chains that would be easier to eliminate. Laboratory tests of a new
molecule, dimethyl dioctyl hexyl ethoxy malonamide, were very successful, and it is expected
to become the new "DIAMEX reference molecule".
The SANEX ("Selective ActiNide Extraction") step, which is necessary due to the abundance
of lanthanide elements in spent fuel, is arguably the most difficult one, because of the very
similar chemical properties of 4f and 5f elements. This is the step on which the most
important work has focused for the three last years, supported by major exploratory and
fundamental research in CEA laboratories as well as by other teams. At this time, we have
mainly explored nitrogen donor ligands, with relatively good selectivity effects but rather poor
affinity (i.e. low distribution coefficients). We have therefore tried—successfully in several
cases—synergistic associations with oxygen donor ligands or carboxylic acids. However, a
very promising family of molecules has very recently shown great potential: the bis-triazinylpyridine compounds synthesized by Dr. Kolarik in Germany in the scope of a European
research contract (Figure 7). The detailed results in this area are presented elsewhere at this
conference. We think this discovery opens very encouraging new perspectives.
The SESAME (SElective Separation of AMericium by Electrochemistry) process is based on
selective oxidation and extraction of americium. Representative hot tests are planned for late
1999. This process should allow the separation of americium from curium, but perhaps also
the recovery of only americium from the high level liquid waste if this appears to be a good
strategy ; this is a SPIN flowsheet option.

The current development status is thus not the same for all the elementary processes in our
"reference flowsheet" for the SPIN partitioning program, which includes well-established
-
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concepts (modified PUREX, DIAMEX, CALIX-CROWN, SESAME) as well as a concept
still under exploration (SANEX). Our schedule includes two key dates :
• 2001, for validation of all the concepts of the reference flowsheet;
• 2005, for validation of all the processes designed following these concepts.
This should allow us to provide the required assessment information at the term fixed by the
French law.
However, we have also undertaken R & D work to assess other technologies, mainly
pyrochemical processes. One reason for this work is to evaluate different partitioning
processes, in order to ensure the best choice in 2006. For example, we are investigating the
possibility of further separation of selected long-lived radionuclides, after PUREX
reprocessing, by dissolving fission product calcine in a molten fluoride medium and using
liquid-liquid extraction by molten metals. Basic determinations have been undertaken, and
preliminary tests performed : they have confirmed the potential of such a process, even if
considerable development remains to be done to assess its technical feasibility.
But in addition, emerging innovative transmutation concepts have led to renewed interest in
pyrochemical processes, notably for reprocessing transmutation targets in the eventuality of a
multiple recycling option (ability to treat hot elements, to solubilize specific compounds,
presumed compactness of the process). This could prove to be an interesting concept, perhaps
by reducing the cost and long-lived radionuclide inventory of such a cycle—and more
obviously if molten salt cores were considered for transmutation, e.g. in accelerator-driven
systems.
These considerations are for the more distant future. We intend at present to achieve a broad,
overall approach to such innovative cycles, involving some exploratory tests and basic data
acquisition in order to obtain answers to some major questions, and try to assess the main
process options : what medium ? which technology, electrorefining or extraction by molten
metals ? This long-term prospective work will no doubt require extensive cooperation by the
concerned scientific community.

3. CONCLUSIONS
Under the French SPIN program, the CEA is working on partitioning of PUREX high level
liquid waste : a general flowsheet has been established, with additional solvent extraction
steps to recover the main contributors to the long-term toxicity of the waste.
Both basic research (for concept optimization) and applied work (for process design) are
currently in progress, notably in the recent ATALANTE facility at MARCOULE. The goal
here is an accurate assessment by 2006 of these adaptations or adjuncts to the current PUREX
process.
Other technological alternatives are under consideration, mainly pyrochemistry. They will also
be assessed at the term fixed by the French law, but clearly on a more general basis. The main
goal here is rather a long-term prospective evaluation of future innovative nuclear fuels or
targets reprocessing.
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Figure 3 : SPIN - REFERENCE FLOWSHEET
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Figure 7 : New molecules for An/Ln group separation
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DEVELOPMENT OF THE FOUR GROUP PARTITIONING PROCESS
AT JAERI
M.Kubota, Y.Morita, I.Yamaguchi, I.Yamagishi.T.Fujiwara, M.Watanabe,
*K.Mizoguchi and *R.Tatsugae
Department of Material Science
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken, 319-1195, Japan
*Ishikawajima-Harima Heavy Industries Co., Ltd.
1. Introduction
The management of high-level radioactive wastes generated in nuclear fuel reprocessing is one
of the most important items to be solved before the future deployment of nuclear energy in the
global scale.
In 1988, Japan's Atomic Energy Commission published the report entitled "Long Term
Program for Research and Development on Nuclide Partitioning and Transmutation Technology".
In this program, a partitioning technology should be developed for separating elements in
high-level liquid waste (HLLW) into four groups; transuranium elements (TRU), Tc-platinum
group metals (PGM), Sr-Cs and the others. Among them, long-lived nuclides such as TRU
nuclides should be transmuted with an actinide burner reactor, FBR, etc.
2. Development of the Partitioning Process
At JAERI, development of a partitioning method started about 24 years ago. From 1973 to
1984, a partitioning process was developed for separating elements in HLLW into 3 groups; TRU,
Sr-Cs and others". The partitioning process consisted of three steps; solvent extraction of U and Pu
with tributylphosphate (TBP), solvent extraction of Am and Cm with diisodecylphosphoric acid
(DIDPA), and adsorption of Sr and Cs with inorganic ion exchangers. The process was
demonstrated with real HLLW. Since 1985, a four group partitioning process has been developed,
in which a step for separating the Tc-PGM group was developed in addition to the three group
separation. Effective methods for separating TRU, especially Np, and Tc have been developed.
3. Four Group Partitioning Process
Through the fundamental study2'"4', the four group partitioning process has been constructed as
shown in Figs. 1 and 2. Main characteristics of this flow sheet are as follows: (1) All TRU
elements including pentavalent Np are extracted with DIDPA after the denitration of HLLW,
reducing the nitric acid concentration from 2 M to 0.5 M. (2) Tc and PGM are separated by
precipitation through denitration or by adsorption with an active carbon. (3) Sr and Cs are
separated by adsorption with inorganic ion exchangers; titanic acid and zeolite, respectively.
The TRU elements extracted in the DIDPA solvent are sequentially back-extracted with 4 M
nitric acid for Am, Cm and lanthanides, 0.8 M oxalic acid solution for Np and Pu, and 1.5M
sodium carbonate solution for U. Back-extracted Am, Cm and lanthanides are extracted again
with DIDPA, and then Am and Cm are preferentially back-extracted with 0.05 M
dietylentriaminepentaacetic acid (DTPA) solution, leaving lanthanides in the DIDPA solvent.
4. Partitioning Tests with Simulated HLLW
Partitioning tests with simulated HLLW have been performed in the partitioning test facility at
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the Nuclear Fuel Cycle Safety Engineering Research Facility (NUCEF), which was constructed for
the demonstration of the four group partitioning process with real HLLW. One of the purposes is
to obtain the data on elemental behavior to be compared with the results of the tests with real
HLLW. Another purpose is to check the operability of the facility.
Phosphoric acid was added to the simulated HLLW before denitration in the pretreatment step
for the DIDPA extraction in order to remove completely Zr not only in ionic form but also in
colloidal form, which sometimes disturbs the aqueous - organic phase separation in the DIDPA
extraction. About 99.5% of Zr, 98% of Mo, 42% of Te, 20% of Fe and 5% of Ru were removed
from the simulated HLLW as a precipitate in this pretreatment step.
In the DIDPA extraction a 16 stages mixer-settler was used and 7 stages used for extraction of
TRU, 4 stages for scrubbing and 5 stages for back-extraction of Am and Cm. The fractional
distribution of each element in this DIDPA extraction steps is shown in Table 1. Lanthanides
could be almost completely extracted with DIDPA and back-extracted with 4 M HNO,. Further
complete back-extraction of lanthanides might be easily accomplished by increasing the number
of the back-extraction stage. Other elements except Fe, Zr and Y were not extracted and therefore
Sr and Cs were well separated from lanthanides. About 99.8% of Fe, 80% of Zr and 0.5% of Y
were back-extracted with the oxalic acid solution.
The raffinate of the DIDPA extraction was fed to the separation step for PGM and Tc by
precipitation through denitration. More than 90% of PGM was precipitated and almost all Cs was
remained in the solution, but 20-30% of Sr was coprecipitated. These results well agreed with the
results of previous experiments in a small scale. Recovery of Sr from the precipitate should be
studied.
5. Partitioning Tests with Real HLLW at NUCEF
As the first step of the four group partitioning test with real HLLW, semi-hot test with tracer
level of real HLLW has been performed at NUCEF. In this test more than 99.99% extraction of
Am with DIDPA was confirmed and 99.92% was back-extracted with 4 M nitric acid. Chemical
behaviors of other elements were also almost consistent with those in the partitioning test with
simulated HLLW. Hot test with real HLLW are in progress now at NUCEF.
6. Preliminary Assessment Study on the Four Group Partitioning Process
The preliminary assessment study5)on the four group partitioning process has been carried out
by using mainly the experimental results so far obtained in a laboratory scale.
6.1 Recovery of Objective Elements
The recovery which is the ratio of the amount in the product to the initial amount in HLLW
might be more than 99.97% for Am and Cm, 99.85% for Np and 99.9% for U. About 1 % of
lanthanides might be contained in the Am and Cm product and the chemical purity of the
product might become about 75%. The recoveries of Tc and PGM from the filtrate after the
denitration of HLLW are estimated to be about 95% of Tc, 92% of Ru , 87% of Rh and 99% of Pd
when the precipitation method is applied to the DIDPA raffinate. The recoveries of Sr and Cs
might be more than 99.9%.
6.2 Volume of the Solid Materials
The volumes of the TRU group and the Tc-PGM group were estimated as oxide and metal
respectively. The volume of the Sr-Cs group was estimated for the solid material generated by the
direct calcination of the inorganic ion exchangers loaded with most Sr, Cs, Rb, Ba and Ni, and the
volume of the others group was estimated for the vitrified material containing 30 wt% of oxides of
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fission and corrosion products. Cementation was considered for the secondary wastes such as
CaHPO4and NaNO,.
Table 2 shows the volume of solid materials after partitioning of HLLW. The total volume of
the four groups was estimated and found to be 45 L for one ton of the spent fuel, which is smaller
by a factor of 3.3 compared with that in the vitrification of HLLW without partitioning. For the
others group it might be possible to dispose of directly into a deep underground without any long
term cooling. For the cemented waste, a shallow land disposal might be suitable because alpha
activities concentration is estimated to be negligible.
7. Conclusion
The four group partitioning greatly contributes to the reduction of the high-level waste volume
and the establishment of an advanced HLW management technology as well as the promotion of
the transmutation of long-lived nuclides which contributes to the reduction of long-term burden
into natural environment.
Demonstration of the four group partitioning process with real HLLW is now in progress, the
effectiveness of the process will be verified and the process will be optimized for its practical
utilization.
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Table 1 Fractional Distribution (%) of Each Element at the Mixer-Settler

Element

Raffinate

Y

< 0.002
<0.06
<0.01
<0.02
<0.01

La
Ce
Pr
Nd

Sm
Eu

Back-extracted

5.6
> 99.93
97.9
99.85
98.7
96.5
96.3
97.5

< 0.008
< 0.006
<0.04

Gd
Fe

0.52
<3.1
4.1
11.6
0.2
0.9
0.8
0.02
0.01
<0.03
<0.07

4.64
<0.3
>95.4

Zr
Mo
Te
Ru

88.8
98.7
>99.0
98.2

Rh
Pd
Sr
Ba

> 99.98
> 99.99

Rb
Cs

Solvent

with4MHNO 3

> 99.96
> 99.91

94.4
<0.01
2.1
<0.13
1.3
3.5
3.7
2.5
94.84
>96.6
<0.5
<0.6
1.1
<0.1
1.0
< 0.001
< 0.001
<0.01
<0.02

Table 2 Volume of Solid Materials after Partitioning for One Ton
of the Spent Fuel Burned up to 33 GWd/t
Group

Main
nuclides
or elements

TRU

Np-237
Am-241
Tc-99

Solid
form
oxide

Volume (L)

0.09

metal

0.39

Sr-90
Cs-137

calcined
product

14

Zr, Mo,Fe
rare earths

vitrified
material

31

Secondary

NaNOb

cemented

wastes

CaHPO4

material

Tc-PGM

Sr-Cs

Others

Ru.Rh, Pd
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FEASIBILITY STUDIES ON 137 Cs, 90Sr AND 152l54 Eu EXTRACTIONS
WITH BORON COMPOUNDS
J.RAIS, P.SELUCKY, N.V.SiSTKOVA and J.ALEXOVA
Nuclear Research Institute pic, Rez,
25068 Rez
Czech Republic
Chemical treatment of highly radioactive waste is important mainly from two aspects:
1. In partition/transmutation programs the most dangerous nuclides are to be separated from a
mixture and by spallation reaction changed to less dangerous species, 2. for any other easier
treatment, the nuclides with highest level of radioactivity are removed from a mixture in a
small volume, leaving a larger volume of mixture of nuclides of radioactivity level one degree
lower (decategorizing).
At NRI we long time studied the extraction methods of separation and many ways of
extracting Cs+ cation were
studied
previously. By fortunate chance at the area of
NRI also Institute of Inorganic Chemistry,
Czech. Acad. Sci. is placed where studies on
new boron derivatives were currently under
way. As a result of rather fruitful cooperation
a process of extraction of 137Cs and 90Sr
directly from acidic Purex HLW waste was
invented and patented (1) based on the use of
extremely
stable
anions
of
the
dicarbollylcobaltate type.
Further, in
cooperation with Russian Radium Institute of
St. Petersburg, the technological process
based on use of acidic form of chlorinated
dicarbollylcobaltate anion (full
name
"Hydroxonium
commo-3,3-cobalta-bis
(8,9,12 trichloro- 1,2 dicarba- closododecaborane)
ate(l-)")
("dicarbollide
process") was studied. It was developed into
the stage of testing with HLW simulant
solutions at hot cells at Gatchina, Russia and
ultimately to 6 months testings with real
HLW at actual retreatment plant in Russia (2,
3).
After ending the cooperation, the
process was further developed by Russian
first industrial process
Fig. 1 Chlorinated
dicarbollylcobaltate scientists and was as al37
aimed at separation of Cs and 90Sr in world
anion [3-Co-(8,9,12-Cl3-1,2-C2B9Hg)2]'
launched to plant scale retreatment facility at
Mayak, Russia at 1996.
At our laboratory we studied, starting from 1990, several improvements of the process,
including the applications of use of new borane compounds to separations of trivalent cations
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and number of synergists enhancing the extraction of chosen components. In cooperation with
JAERI and LANL, respectively, new method of separating of Am/Ln using dicarbollide and
phenantroline was found (4) and new use of extractants of dicarbollide type embedded in
PVC membranes with nitrosolvents as plasticizers was proposed (5).
In this paper the main recent results will be described. These resulted from the work
on EC project EC CIPA-CT93-0133 "New Trends in the Separation of 137Cs, ^Sr, and
Transplutonium Elements from Radioactive HLW by Borane and Heteroborane Anions" (6).
More than 36 different derivatives were prepared at Inorganic Chemistry Institute, Czech
Acad.Sci., University of Lyon, University of Barcelona and Katchem, Ltd., and tested at
radiochemical laboratories at Cadarache, CEA and NRI.
Other works have been performed as a part of Czech grant 104/97/0368 of Czech
Grant Agency. Tetrahexyldicarbollide was studied as a candidate for extraction of 137Cs and
90
Sr from alkaline wastes and several synergetic agents from the families of
organophosphorus compounds and malonamides were checked for extractions of Cs, Sr and
Eu from acidic Purex waste. The aim of those screening studies is to check possible feasibility
of the extraction processes based on those compounds.
Original chlorinated dicarbollide process
Dirarhollide process for extraction of Cs and w S r from
acidic H L W
This is the only one industrially working process
(variant tested on plant scale 1985)

REGENERATION
2M HNO3

8-9M HNO3
O.IMN3H4

REVERSE WASH OF
Sr BACK EXTRACT
— • 0.06M H*[(C2B»H8Clj)jCor + 1 % vol. Slovafol 909
(nonylphenol nonaethyleneglycol) in 60% vol. nitrobenzene +
40% CCU

Fig. 2 Scheme of dicarbollide process of
isolation of Cs and Sr from Purex
HLW (according to ref.(3))

-

In spite of many proposed variants of
separation of l37Cs and 90Sr from HLW, this
is the only process working at industrial
scale. Hence, certainly it is to be seriously
considered.
The process was developed and
tested in a long run 6 month plant scale
experiment in cooperation with scientists
from Radium Institute, St. Petersbug already
in
80s
(3).
Intensive
laboratory
investigations in former Czechoslovakia
preceded testing with simulant HLW and
other technological tests in Russia. The
process to the date of December 1985
consisted in extraction of both 137Cs and 90Sr
directly from HLW feed (~3M HNO3) by a
solution of 0.06M H+ [(CzBgHgCh^Co]' in a
mixture of solvents 60% vol. of
nitrobenzene + 40% CC14 with added
nonylphenol nonaethyleneglycol (synergist
for extraction of Sr, marked as Slovafol 909
of Slovakia, Novaky provenience) in a
concentration of 1% vol. The Sr and Cs
products are back extracted consecutively
and for obtaining better purity of Sr fraction
the reverse washing of Sr back extract was
used. The scheme of process is given at
Fig.2.
The main reached parameters are
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given in Fig. 3. We can notice mainly that no changes of performance were observed even
after 33x times recycling the extractant, proving the exceptional stability of the system in
contact with real HLW.
What are the reasons for the suitability of dicarbollide process to be implemented as
industrial process?
The main reason are the properties
of extractant itself, i.e. of chlorinated
Parameters of plant scale testing 1985
dicarbollide. The anion is inorganic and
consisting of extremely "tough" sandwich
Volume of mixer-settler: 10 L
skeleton cage. Also the central atom of Co
Volume of tested feed: a) 15 m 1 of simulant
is so strongly bound that no isotopic
b) 100 m 3 of real Purex HLW
exchange with Co in solution occurs.
Volume of extractant. a) 500 L
Chemical stability is so high that
b) 3000 I
chlorinated dicarbollide survives several
Yield of extraction:
> 98% both for Cs and Sr
weeks of boiling with concentrated nitric
acid. And during tests of its radiation
Decontamination of Cs and Sr from main radionuclides, K<i:
stability at the mixtures of nitrobenzene
Ce ( ^ Rll
with
CCU it has been found (University of
'•'•""Cs
500
400
300
1400
"Sr
600
1000 i 600
12000
I 3000
Bratislava) that far from decay there
proceeded on the contrary the synthesis in
No changes of behavior of the system after six month testing
the sense of substitutions of hydrogen
However, nitrobenzene is highly toxic and not usable!
atoms of the boron cage by Cl released by
3-nitro-a.a,a-trifluorotoluene (Russian patent) but it IS
radiation from CC14 (even the method of
again highly toxic (Aldrich 94/95) or toxic (Aldrich 96/97)
such radiation synthesis of halogenated
2-nitrophenyl octylether (reference solvent used at EC)
totally harmless, but ought to be mixed with other solvent in
derivatives
was patented
at
that
order to decrease viscosity
University).
Also
the
anion
is
sufficiently
2 - fluoro- 6 - nitrotoluene (Aldrich and Janssen: irritant),
testing should be necessary
hydrophobic so that only its small losses
??? two solvents are considered in DOE, USA - Russian
into aqueous phase occur.
cooperation but not revealed
Hence, in the process hardly any
need occurs to consider any detrimental
C Sucltar Rtmrdi Insliltilt kti. pic. 2SO6X Uti. CR
effects
of possible chemically or
.j x , .
.
r- , t
,
radiationally formed decay products of the
vF.g.3 Mam parameters of plant scale
^
^
j t s e l f Qn ^
of the
a r b 0 l U d e Pr0CCSS
( a c c o r d i n S process, in variance with many nowadays
proposed processes based on the use of
organic reagents.
Secondly, the process is completely of "salt-free" type, i.e. all back extracts and
washes are either of HNO3 or HN0 3 with hydrazine, the latter can be decomposed into
volatile compounds.
And at last the process has been thoroughly studied in its different variants, hence
sufficient information exists necessary for its practical use.
The only main drawback of the process was the use of toxic solvent but now
nitrobenzene can be avoided (Fig. 3).
Three ways of further studies of boron extractants
There are now three ways of further studies with boron extractants:
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Improved method of l37Cs and 90Sr from Purex HLW by original "chlorinated dicarbollide
process" but instead of using highly toxic nitrobenzene by using some more harmless
solvent. It seems safer to recommend the use of some commercially used solvent like 2 fluoro- 6 - nitrotoluene or nitrophenyl octyl ether in combination with other solvent than
preparing new solvents. In fact also the composition of newly prepared solvents seems to
be kept secret (7). The 2 - fluoro- 6 - nitrotoluene due to its high specific weight
presumably could be used directly as a solvent for chlorinated dicarbollide without need
of other diluent. The properties of the solvent are not well known in spite of detailed
literature review, particularly is not known its solubility in water and HNO3 solutions.
Also the present price of small batches of both above solvents is much higher than that of
nitrobenzene, but this might be different if larger amounts are produced.
2. The most natural and largely followed is a way of study of (i) functionalised
dicarbollides or more generally boron compounds and (ii) of modified more hydrophobic
dicarbollides.
The first group of studies would attach to
inert boron anion a moiety capable of
complexing various ions. In this respect
TETR.VIIEXVL COSA.N
BIS-PHECOSA.N
the study is similar to the development
of before used crown ethers which now
are largely used as bound to more
specific calixarene compounds.
CM,
Here only two interesting classes of
OH,,
anions will be mentioned. First instance
concerns perhaps first in the world the
heteroborane anions with crown ether
attached to it as accomplished at
University of Claude Bernard at Lyon
(6). These two compounds, one with
MON-ll
MON-10
aza macrocycle and other with two
carbon-oxygen cycles (Fig.4) might be a
starting point for synthesis of "tailored"
multicycles with selective properties.
The overall properties of the two
extractants actually synthesized are not
as yet optimal for their possible
inclusion into a list of possible
technological extractants.
Secondly, a new derivative of original
dicarbollide containing two parallel
phenyl groups was proposed at Institute
of Inorganic Chemistry, Czech. Acad.
Fig.4 Some new boron based extractants
Sci. This BISPHENYLENECOSAN
anion binds Cs cation selectively inside
the space formed between the phenyl groups. Very high selectivities of the pairs Cs/H
and Cs/Na are attained. The problematic was published (8) and recently also in (9) and
consequently will not be treated here. It may be noted here that reagent although very
selective, upon longer contact with HNO3 of 3M or higher concentration losses its
CHII'
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extraordinary properties due to the nitration of phenyl groups. This may be a common
drawback of other proposed extractants like calixarenes where the same binding of Cs by
phenyl groups is involved (Fig. 4).
From the category of new substituted dicarbollides we studied into detail TETRAHEXYL
DICARBOLLIDE (Fig. 4).
3. New synergists in combination with dicarbollide anion were studied and these will be
described here.

TETRAHEXYLDICARBOLLIDE
Tetrahexyldicarbollide was proposed at LANL for extractions from alkaline media. In
our laboratory we performed more detailed studies in view of its possible practical

0.2M Na* 4HexDic"i
PEG 400 !
1MH 2 SO 4
1.5

1.5
1

log

log D a 0.5
0

3M NaNO
•0.5

0.06M Na* 4HexDic
1% PEG 400
in isopropylbenzene

0.5
-1

Slovafol909
+

0.0CM Na 4HexDi<#
1 % PEG 400

-1.5
-0.1

0.4

0.9

log c(TBP), %

0.2

0.4

0.8

log (I)
Fig. 5 Extraction of Sr2+ from mixtures
of 1M NaOH + xM NaNO3 by tetrahexyl
dicarbollide in isopropylbenzene

Fig. 6 Extraction of Sr2+ by tetrahexyl
dicarbollide in isopropylbenzene as
function of added TBP

application. As a solvent we used mainly isopropylbenzene. The reagent diametrically differs
from chlorinated dicarbollide as its chemical stability is concerned. Whereas the latter is
perfectly stable in contacts with acids and decomposes quickly at contacts with bases,
TETRAHEXYLDICARBOLLIDE is well stable in alkaline solutions and less stable in acidic
solutions. 0.06M solution of reagent in isopropylbenzene with addition of 1% of PEG 400 as
synergist for Sr, extracts well strontium even from mixtures of 1M NaOH + 4M NaNCb.
Hence, the reagent may be a candidate for separating Cs and Sr from large volumes of
presently existing HLW in world, mainly in US. Challenging task for this reagent is how to

-
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accomplish stripping from the organic phase without forming non active waste. One possible
variant seems to be to add to organic phase some hydrophobic base like TBP. This would not
hinder too much extraction at alkaline side (some formation of particles Na + ,TBP cannot be
excluded), but would act as a competitor of Cs and Sr ions after its protonisation to FT, T B P
at contact with acid. If base is sufficiently hydrophobic, it will remain in organic phase
without need to add it at each subsequent cycle. Pertinent data are given at Fig. 5 and Fig. 6.
Full set of data will be published (10).
Phosphororganic

synergists with chlorinated

dicarbollide

We have studied the systems chlorinated dicarbollide + dibutyldiethyl carbamoyl methylene
phosphonate and chlorinated dicarbollide +
CMCMPO already before (11, 12). Now six
different organophosphorus compounds
/C2Hs
^DBDECMP
,,
«..r,
m
were
tested for extraction of Cs, Sr, and E u
D c
(I)
by mixtures of the compound with
dicarbollide anion. To see better any effect
o
o
we chose a little milder conditions ( 1 M
DPPEDO (II)
P-CH—CH—
HNO3) than those for actual Purex type
HLW for this screening test. As an organic
-C2H5
TEDMAMDP (in)
the standard combination used
pnase
C2H5-0
previously in dicarbollide technology, i.e. 60
vol.% of nitrobenzene + 4 0 % CCU w a s
used. The structures of used compounds are
given at Fig. 7.
C -CH3
CHj-CT
Full set of experimental results will
be published elsewhere (13). DBDECMP (I)
,O-C 2 H5
-a?
TEMDP (V)
)P-CH2-p:
is already known to extract in a mixture with
HBC1 well Eu3+ and also Sr2+ (11). From the
remaining five compounds interesting
(CHOJCH-C
results are obtained with DPPEDO (II) and
TPMDP (VI)
-p: X
O-CH(CHjh
with TPMDP (VI), which extract well Eu3+
and possibly also Sr2+ (Fig. 8 and Fig. 9).
In fact, based on simple mathematical
model, we are now able to generally predict
the course of extraction curves. Namely, the
Fig. 7 Structures and abbreviations of
curves for Cs+ must be always monotonous
used phosphororganics
and decrease of DCs at right hand side
corresponds to hydrophobicity of ligand L.
Steep decrease of DCs for both (I) and (VI) testimonies their large hydrophobicity. Also for
Eu3+ and Sr2"1" extractions the dependence of D on CL with maximum is theoretically justified.
The behavior of TPMDP (VI) is in this respect quite normal. However, more surprising is
very steep increase of DSr at higher concentrations of ligand for DPPEDO (II). Formation of a
complex DPPEDO with Sr2+ in aqueous phase of not negligible magnitude of stability
constant is not excluded for this particular compound. The studies of phosphororganic ligands
in mixtures with some more harmless solvents than nitrobenzene are under way.
9

DMAMP (IV)
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0.048M HBCI in 60%NB+40%CCI4
IMHNO3

0.048M HBCl in 60%NB+40%CCI«
1M HNO 3

DPPEDO (II)
Eu
3

•
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Fig. 8 Extraction of Cs+, Eu3+ and Sr2+
by DPPEDO (I)
0 048M HBCl in 60%NB+40%CCl4 1M
HNO3

Fi

S- 9 Extraction of Cs+, Eu +, and Sr2+
by TPMDP (VI)
0.048M HBCl in 60%NB+40%CCl4, 1M
HNO3

Malonamides with chlorinated dicarbollide
We used in our work four malonamides, two of them were synthesized by Dr. Plesek
at Institute of Inorganic Chemistry, Czech. Acad. Sci. and two others forming important
compounds in DIAMEX process were kindly provided by Dr. Madic of CEA.
N,N- tetrabutylmalonamide (PI) and N,N-dimethyl-N,N-dihexylmalonamide (P2)
extract Eu to certain extent with isopropylbenzene as solvent. However, upon addition of
HBCl during extraction a small volume of third phase is formed in which majority of Eu is
contained.
More complex derivatives with a substituent on central malonamide C atom gave very
interesting result. Both can be mixed with HBCl in isopropylbenzene. The extraction curves
for both, i.e. N,N-dimethyl-N,N-dibutyl(tetradecyl) malonamide (Ml) and N,N-dimethylN,N-dibutyl(dodecyloxyethyl)malonamide (M2) are totally different for presence and absence
of dicarbollide. Similar result has been already obtained for N,N-dibutyl-N,N-diethyl 2(pentadecane) - propane- 1,3 - diamide (14) but that time into less convenient mixture of
nitrobenzene with CCU. Some interesting results are given at Fig. 10 and 11. Full account is
under preparation (15).
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The slopes of straight lines from Fig. 11 when plotted as a function of aqueous nitric
acid concentration give again straight line showing that at low c(HNO3) a complex EuLn. 3B
is extracted, whereas at c(HNO3) equal or higher than ~ 7M, the extraction of EuLn. 3NO3
prevails and that the degree of substitution of B for NO3 in the organic phase is a linear
function of nitric acid concentration. More regular behavior is now observed than before
reported for other conditions (14).
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Fig. 10 Extraction of Eu by 0.1M M2 into
isopropylbenzene as function of HBC1
concentration and HNO3 acidity

Fig. 11 Extractions as in Fig. 10 plotted as
on concentration of HBC1

This is first case of possibility of using bidentate ligand with HBC1 in non polar
aromatic solvent and similar cases are planned to be checked.
In fact the finding enables the study of similar systems as candidates for possible
technology improvement of the extraction of trivalent lanthanides and actinides directly from
the Purex HLW feed. Some of possible improvements to be expected are discussed at
conclusions.
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Conclusions
At present time the only industrially working process for separation of Cs and Sr is
dicarbollide process.
This is given at first by properties of the anion, e.g. its extreme stability against
radiation and chemical decomposition at acidic nitric acid solutions.
Hence, it seems important to broaden the studies with this anion for other instances of
extractions.
At first the original dicarbollide process for Cs and Sr may be now studied with non
toxic nitroaromatic solvents.
In the paper it shortly was shown that the derivative of dicarbollide,
TETRAHEXYLDICARBOLLIDE, might be well candidate for extraction of Cs and Sr from
alkaline solutions into nonpolar aromatic solvent.
Further it is possible to use chlorinated dicarbollide with phosphororganic bidentate or
malonamide as powerful agent for extractions of trivalent cations directly from the Purex
waste feed.
There are now two possibilities of doing so: (i) using some phoshororganic bidentate
synergist and extract into polar nitroaromatic harmless solvent, or (ii) using selected
malonamide or bidentate phosphorganics and extract into nonpolar aromatic solvent.
Especially variant (ii) is according to authors worth of further study possibly with greater
variety of malonamide and phosphororganic bidentate compounds.
Discussing the second variant on model case of comparing the variant of extraction of
trivalent elements by M2 itself and by M2 in the presence of HBC1 (Fig. 10), the following
applies:
• both variants enable extraction directly from Purex feed (~ 3M HNO3) without need of
preconditioning of the feed, in both variants aromatic non polar solvent can be used
• whereas for extraction with M2 itself a sharp maximum of DEU on nitric acid concentration
occurs, in presence of dicarbollide a monotonous decrease with concentration is observed.
This may be important for practical control of DEU during long run of the process, enabling
better orientation in system with dicarbollide
• in extraction with only M2 its concentration must be 0.5 - 1M, whereas when with
dicarbollide 0.1M concentration is sufficient. This would lead to decrease of distribution
coefficients of elements bound directly by M2 (Zr and possibly other)
• possible reported problems with accumulation of acid at extraction battery due to
coextraction of acid for some reagents (CMPO) are removed when system with
dicarbollide is used
• at long run the radiolytically and chemically produced degradation products of M2 may
lead to worsening of back extraction if degradation compounds extract at low acidities,
this is evidently no problem for mixtures of M2 with dicarbollide
• relative drawback may be felt in using 8-9M HNO3 for back-extraction in mixed system
M2+dicarbollide, whereas dilute acid is used in system with M2 alone.
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Dicarbollide process for extraction of 137Cs and 90Sr from
acidic HLW
This is the only one industrially working process
(variant tested on plant scale 1985)

REGENERATION
2M HNO3

8-9M HNO3
O.IMN2H4

REVERSE WASH OF
Sr BACK EXTRACT
0.06M H+[(C2B9H8Cl3)2Co]- + 1 % vol. Slovafol 909
(nonylphenol nonaethyleneglycol) in 60% vol. nitrobenzene +
40% CCU
© Nuclear Research Institute Rez, pic, 25068 kez, CR
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Parameters of plant scale testing 1985
Volume of mixer-settler: 10 L
Volume of tested feed: a) 15 m3 of simulant
b) 100 m3 of real PurexHLW
Volume of extractant:

a) 500 L
b)3000 L

Yield of extraction:

> 98% both for Cs and Sr

Decontamination of Cs and Sr from main radionuclides, Kd:
fmdac&M

Cs

T44

Ce

I34J37

Ttu

500
600

No changes of behavior of the system after six month testing
However, nitrobenzene is highly toxic and not usable!
• 3-nitro-a,a,a-trifluorotoluene (Russian patent) but it is
again highly toxic (Aldrich 94/95) or toxic (Aldrich 96/97)
• 2-nitrophenyl octylether (reference solvent used at EC)
totally harmless, but ought to be mixed with other solvent in
order to decrease viscosity
• 2 - fluoro- 6 - nitrotoluene (Aldrich and Janssen: irritant),
testing should be necessary
• ??? two solvents are considered in DOE, USA - Russian
cooperation but not revealed

© Nuclear Research Institute Rez, pic, 25068 Rez, CR
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Extraction of Sr from mixtures of 1M NaOH + xM NaNO3 by
tetrahexyldicarboliide in isopropylbenzene
and possible way of back-extraction

0.2M Na+ 4HexDic"
3% PEG 400
1MH 2 SO 4

-0.5

0.06M Na* 4HexDic"
1 % PEG 400
in isopropylbenzene

0.5

0.06M Na* 4HexDic*
1% PEG 400

-1.5
-0.1

0.2

0.4

0.6

0.4

log c(TBP), %

0.8

log (I)(1M NaOH+ xM)
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Phosphororganics used in this work
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Extraction of Cs, Sr and Eu by phoshororganics from 1M HNO3
into nitrobenzene + CC14 (60:40) containing 0.048M H+BC1"
(compounds I - III)
Eu and Sr can be extracted

Eu and Sr can be extracted

DBDECMP
log DM

log D M

-2.5

-2

-1.5
log °OBOEC«<P.

-1

-0.5

M

none can be extracted

log DM

-2.5

-2

-1.5

-1

log CTEMIAMDP< ^
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Extraction of Cs, Sr and Eu by phoshororganics from 1M HNO3
into nitrobenzene + CCl4 (60:40) containing 0.048M H+BC1"
(compounds IV - VI)
none can be extracted

none can be extracted

2 i

*"—*--^

1.5

*-> v TEMDP

Cs

1
1

\ps
0.5

0

DMAMP IV

logDu

0

log DM

V

\

-1
•0.5

Eu

Eu

-1

-2

-1.5
-3

-2
.i 5
•2.5

-2

-1.5

-0.5

-1

-2.5

-2

Eu and Sr can be extracted

TPMDP_

2

1.5
1

A.

05
log DM
0
-0.5
-1

v,/\

-1.5

-2.5

-2

-1.5

© Nuclear Research Institute Rei, pic, 25068 kei, CR

-

232 -

-1

-0.5

-1.5

-1

-0.5

JAERI-Conf

99-004

Malonamides used in this work

P1

CH3CH2CH2CH2'

N, N-tetrabutylmalonamide

P2
N,N-dimethyl-N,N-dihexylmalonamide

CH3CH2CH2CH2

I
N,N-dimethyl-N,N-dibutyl(tetradecyl)malonamide
(DMDBTDMA at EC projects)

CH3CH2CH2CH2

CH

\.

.CH2CH2CH2CH3

1

M2

N,N-dimethyl-N,N-dibutyl(dodecyloxyethyl)malonamide
(DMDBDDEMA at EC projects)
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Extraction of Eu with malonamides into nitrobenzene and
isopropylbenzene

0
cumene

nitrobenzene

A

-0.5

-0.5

( i
-1

nitrobenzene/
\<
/

-1
log D E u

-1.5 . N.N-teirabutyl
malonamide
0.5M
-2

Eu

//| H\ •
\

-1.5
-2

N.N-dmethylN,N-dihexyl cumene ,
malonarride
\
P2
0.5M

.

/
/
/

•2.5

M

-3
/

-3.5
-0.5

.1 ^

•0.5

0.5

0.5

,M

log c(HNO3), M

0.5
nitrobenzene
0.5

7 y »\

nitrobenzene

-0.5
log D'Eu

N,N-dimethyl-

logD,Eu

«

N,N-ctbutyl(tetradecy<)/
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M1
0.5M
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-1.5

-0.5

•

|
!
-1.5
cumene

-2.5

0

\

J
cumene

•05

^

/

:

0.5

-2.5
-0.5

1

log c(HNO3), M

0

1

N,N^ibutyl
(dodecyloxyethyt)
malonamide
M2
0.5M
in cumene
0.5

log c(HNO 3 ), M
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Extraction of Eu with malonamides into isopropylbenzene in
presence of HTBCr
Malonamides PI and P2 yielded third phase upon mixing

log D E U 2

N,N-dimethylN,N-dibutyl(tetradecyl)
malonamide
M1
0.1 M
in cumene

zns—a
V O.OSM

0.02M

\

M2
0.1 M
in cumene

logD,Eu
\

c(HBCI):
d)0.05M
c)0.03M
b) 0.02M
a) 0.01M
-0.5

-1

o.oositt-

•

c(HBCI).
0

0.5

-1

log c(HNO3), M

\

-0.5

\

^
0

0.5

log c(HNO 3 ), M

0.1 M M2 + 0.05M HiBCr in cumene DEu (3M HNO3) = 7.8
DEu (7M HNO3) = 0.25
DEu (9M HNO3) = 0.067
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Mechanism of effect of dicarbollide on malonamide extraction

3.5

3.5

0.5M
m
y

3 .

N,N-dimethylN,N-dibutyl
2.5 ' (dodecyloxyethyl) /
T
malonamide
/ /
2
|DEu
/0.91M
M2
i'

EuLn.3BCI

/us.

1.5

0.1 M
A/
in cumene/ .f

1
0.5
0

a 2s3

2.71M

LZ1

r/

EuLn.2BCI.NO3

2.5

n(BCI)
1.5

/ •

5.41 M

y^

/ /

-0.5
-1

0.5

c(HNO 3 ):

-1.5

N,N-dimethylN,N-dibutyl
(dodecyloxyethyl)
malonamide
M2
0.1 M
in cumene

-2
-2.5

-2

2

-1.5

4

c(HNO 3 ), M

log c(HBCI), M

At low concentrations of HN0 3 the extracted complex is
MLn.3B
This is gradually changed with increasing HNO3 concentration to
MLn. 3NO3
(see also common point for all curves for M2 from previous slide at
c(HNO3) = 7M where apparently only the second complex forms)
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INDEY1DUAL EXTRACTION CONSTANTS
WATER - NITROBENZENE SYSTEM

Br6dicarbollylcobaltate"
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Mechanism of extraction with neutral ligand and inorganic
hydrophilic or hvdrophobic anion

NO3" mechanism

B" + NO3" mechanism

aq.phase
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Possible advantages of using neutral svnergist + chlorinated
dicartoollide anion as compared to svnergist + nitric acid
systems
3+
(e.g. M . malomamide + HBCI)
synergist + HBC1 + HNO 3

synergist + HNG 3
— sharp dependence of DEu
on
acidity
with
maximum, in practice
problematic control of
DEU at extraction section
may occur

+ monotonous decrease of
DEu with acidity

— concentration of L =0.5 IM, coextraction of H4",
U, Pu, Mo, Zr

+ concentration of L =
0.1M, all coextractions
lower

— coextraction of TcO4"

+ TcO4" is expelled by BC1"

te
problems
with
accumulated acid at strip
section (CMPO)

+ avoided

— not reaching strip due to
radiolytically and/or by
hydrolysis
formed
extractants extracting Eu
at low acidities

avoided

+ strip with diluted acid

strip with 8-9M HNO3
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Cs(crown),
Am(bidentate)3+

The original chlorinated dicarboliide process was developed with help of
following Czech scientists:
NRI: M. Benesova, L. Kadlecova, L. Kuca, M. Kyrs, E. Makrlik, H.
Petrzilova, I. Podzimek, J. Rais, P. Selucky, V. Skarda, V. Sraierf, P. Vanura
Inst. Inorg. Chem.: K. Base, S. Hefmanek, J. Plesek
Techn. Univ. Pralia: F. Benda, F. Jursik, V. Kfizova
Univ. of Brno: J.PHhoda
Techn. Univ. Bratislava: R. Cech, P. Holba, F. Macasek, L. Mate!
© Nuclear Research Institute Rez, pic, 25068 Rez, CR
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PROGRESS IN NUCLEAR WASTE VITRIFICATION
BY CERAMIC MELTER TECHNIQUE
S. WEISENBURGER
Forschungszentrum Karlsruhe
Institut fur Nukleare Entsorgungstechnik
P.O.BOX 3640, 76021 Karlsruhe, Germany
ABSTRACT
Nuclear waste vitrification by using the liquid-fed ceramic-lined waste glass melter process
started in 1973 with the pioneering development at Batelle Pacific Northwest Laboratory. The first
radioactive plant applying this technique was the PAMELA plant in Mol/ Belgium which was put
into hot operation in 1985. A main part of the technology for this plant including the melter was
developed by the Institut fur Nukleare Entsorgungstechnik (INE) of Forschungszentrum Karlsruhe
(FZK)!
For the time being there is an increasing demand for the availability of small-scale vitrification
units for processing of small stocks of high level liquid wastes (HLLW). Limited quantities of
HLLW solutions were obtained during the period of development of reprocessing techniques at
various international sites. One example is the former WAK (Wiederaufarbeitungs-anlage
Karlsruhe) reprocessing plant. It is located at the site of Forschungszentrum Karlsruhe and is now
under decommissioning. The overall decommissioning program includes vitrification of 70 m3 of
stored HLLW with a total p7y radioactivity of 8.9 x E17 Bq.
This paper focuses on progress achieved in the design of small-scale liquid-fed ceramic glass
melters for these purposes. Improvements are described regarding extension of power electrode life
time by optimized air cooling, glass pouring operation, off-gas pipe cleaning, glass level detection
system in the melt tank, and arrangement of a small-scale melter in a hot a cell. Some test results
achieved with the new melter are also outlined.
INTRODUCTION
Ceramic-lined waste glass melters are currently in use in several radioactive vitrification plants
like Tokai Vitrification Facility in Japan, Savannah River Defence Waste Processing Facility, and
West Valley Demonstration Plant in the US. The PAMELA plant, using this technique as well
vitrified 907 m3 of high level waste into 4901 of radioactive waste glass between 1985 and 1991.
In Germany the development of the vitrification technology is currently focused on the special
aspects of wastes stored at former nuclear reprocessing sites. These include mainly (1) appropriate
simplification and scale down of the vitrification system while maintaining or even improving the
functional safety, and (2) keeping the overall plant size and thus costs as low as possible particularly
in view of the usually limited waste volume to be processed and, hence the short operation time. The
VEK-project (Verglasungseinrichtung Karlsruhe) is one example of application of a small-scale
vitrification plant for conditioning of small HLLW stocks stored at reprocessing sites under
decommissioning [1].
A prototype non-radioactive test facility with such features was designed in 1995 at the Institut
fur Nukleare Entsorgungstechnik (INE) of the Forschungszentrum Karlsruhe. After two years of
construction the facility has been put into operation in May 1998. The paper outlines the progress
which had been achieved referred to the glass melting system. Improvements are described
concerning extension of power electrode life time, glass pouring operation, noble metals
compatibility, off-gas pipe cleaning, glass level detection in the glass pool, and optimised
arrangement of the melter in the hot cell.
- 241 -

JAERI-Conf

99-004

SMALL-SCALE MELTER TECHNOLOGY
The process of converting high-level liquid waste into glass in a liquid-fed ceramic melter is
characterized by the fact that individual process steps of vitrification (drying, calcining, and reaction
of the waste residue with glass formers) take place simultaneously within the glass melter (Fig. 1).
HLLW and glass forming additives - glass frit in the form of beads - are directly fed onto the hot
glass melt surface. Vitrification occurs in a limited reaction layer formed on the melt pool surface.
The glass melt is current-heated through immersed electrodes according to the Joule principle. The
melting tank is thermally insulated and the whole system is encased by a stainless steel containment
box. The off-gas leaving the melter through a melter roof nozzle is cleaned in a multistage off-gas
treatment system and contains water steam, NOx, particles, volatiles and inleakage air.
The melter type developed for use in a small-scale vitrification facility is a conspicuous
novelty in melter technology. The design and characteristics of the small-scale glass melter can be
seen in Fig. 2. The novel type features cylinder shape, bottom drain (no additional glass overflow
system) and reduced size which was primarily achieved by a reduced melt tank content, and
substantial simplifications concerning the glass heating system. The compact melter design has
considerable impacts on the size of the melter cell, the arrangement of the melter within this cell,
and the remote handling technique.
The melter has a design throughput of 12 1/h corresponding to a glass production rate of
approximately 8.5 kg/h. The glass tank made of high temperature resistant ceramic refractory
contains about 150 1 glass melt which corresponds to the volume capacity of one canister with a
glass capacity of 400 kg and dimensions 430 mm in dia. and 1335 mm height. The main features of
the melt tank are its sloped side walls and the bottom design. The slope forces the noble metals

High active
^Gl^frit
liquid waste ^

Stainless
steel box

Alternating
el. current
- 5 0 Hz

<J=" Cooling air

pouring channel
Canister
Fig. 1: Simplified scheme of the liquid-fed ceramic melter process
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CZZJ
Fig. 2: Layout and characteristics of INE's today small-scale melter technology
Melter outside dimension: 1500 mm in diameter, 1700 mm height
Table 1: Main characteristics of the small-scale glass melter
Characteristic

Data

Nominal throughput

121/h

Glass production rate

8.5kg/h

Glass pool surface

0.44 m2

Melt tank content

1501

Residence time of glass in the pool

44 h

Glass pool heating

Direct electric heating

Heating power release

40 kW maximum

Glass pouring system

Bottom drain

Quantity of glass per pouring

100 kg, flow rate appr. 100-130 kg/h

Frequency of pouring

Every 1 1 - 1 2 h

Melter size

1.5 m dia., 1.7 m height

Weight

8.5 t
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ruthenium, palladium and rhodium - not soluble in the borosilicate melt and settling to the melter
floor - to flow towards the glass discharge area at the melt tank bottom. A special glass channel
design in the discharge zone assures the complete outflow of any noble metal sludges arriving in this
area.
The melt is heated in the melt tank center to !200°C by a single pair of electrodes made of high
temperature resistant INCONEL 690. Towards the side walls and the melter bottom, temperature
drops between 100-200°C exist. Additional energy can be released, if needed, by a pair of auxiliary
electrodes installed in the bottom area of the melt tank. The first melter start-up and also restarts are
performed by means of several external SiC-resistance heaters introduced temporarily through
openings in the melter roof. At sufficiently high temperatures the electric conductivity of the glass
for direct heating is attained.
For discharge of the glass the melter is equipped with a draining system at its bottom. The
system works on the principle of a thermal valve. For initiation of pouring, the glass solidified in the
discharge channel is remelted by external energy supply from two heating systems (direct electric
heating and medium frequency induction heating of the pouring pipe). The glass flow rate of
approximately 120 kg/h is controlled via energy input of the pipe heating. The flow rate is measured
by monitoring the weight increase of the canister vs. time. Some characteristic data of this smallscale melter design are summarised in Table 1.
IMPROVEMENTS IN MELTER DESIGN
Improvements of the melter design has been made in recent years. They refer to the extension
of electrode lifetime by an improved air-cooling, to the glass pouring system and its operation mode,
to the cleaning of the melter off-gas pipe, and to a reliable glass level detection system in the melter.
Extension of power electrode life time
The life time of the power electrodes is an important factor of the overall life time of the
melter system. The submerged surface of the INCONEL 690 power electrodes undergoes only
negligible corrosion attack by the glass melt as long as the surface is at or below approximately
1000°C. The details of corrosion mechanism and kinetics and the impact of temperature had been
investigated and reported in Ref. [2]. The air cooling of the electrodes of the small-scale melter has
been optimised in order to keep the submerged electrode surface at or below 1000°C. The cooling
air (flow rate around 20 m3/h each electrode) is released into the melter cell after passing the air
cooling channels of the electrode. Air cooling lowers the submerged electrode surface temperature
by approximately 100°C compared to non-cooling. The results of numerical modelling of the melter
system confirms the experimental data. Fig. 3 gives the numerical modelling results of the isotherms
in the power electrode area under conditions of air-cooling compared to non-air-cooling conditions.
Thus, permanent air-cooling during glass production operation extends the life time of the power
electrodes considerably. At INE, a melter is in use since more than 8 years without indications of
significant corrosion attack of the air-cooled power electrodes.
Glass pouring system
Glass pouring into the stainless steel canisters is one of the most important steps in HLLW
vitrification. It requires a system with a safe function and a long service life. It must be compatible
with the service life of other main components of the melter like the ceramic refractory material of
the glass tank/melter plenum, or the power electrodes. A glass pouring system in the melter bottom
for discharge of nuclear waste glass melt requires a number of features including
a. Absolute glass-tight integration of the pouring pipe into the melter bottom structure
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(9ncon@9 690)
975°C

Air-cooled power electrodes
Fig.3: Decrease of submerged power electrode surface temperature by air cooling
of the electrode
b. Easy control for start-up of the pouring
c. Reliable stop of the glass flow when the target content in the canister is achieved
d. Avoiding blocking of the glass pouring pipe by solid materials
e. Assuring easy remove of highly viscous and highly electrically conductive noble metals
sludge from the melter (when processing HLLWs with significant concentration of these
metals)
f.

Allowing reliable glass flow rate measurement by force free coupling of the pouring
system to the canister

g. Allowing efficient remove of volatile radioactive species escaping from the glass
pouring stream and from the hot melt in the canister.
Function
In Fig. 4 the design principle of the glass pouring system is shown. It consists in the upper part
of an INCONEL 690 block placed in the melter bottom. It contains one central glass exit channel
and 12 side channels. Beneath this block a ceramic refractory block follows with the glass channel in
its center. Glass material in this channel can be remelted by passing electric current through it. For
this purpose the INCONEL 690 block at the melter bottom and the induction-heated drain pipe are
used to establish this electrical circuit. Power release below 1 kW is sufficient for remelting the
glass. The outlet channel below this ceramic retractory block forms a thick-walled pouring pipe
made of INCONEL 690. It is induction heated to about 950°C which is high enough to start the glass
pouring.
-
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Fig. 4: Design principles of melter bottom and glass pouring system to achieve
both noble metals compatibility of the melter and protection of the pouring
system against blockage by solid pieces
Glass tightness
Due to the special geometry of the pipe, and the firm integration of the pipe flange into the
melter bottom, an absolute glass tightness has been achieved. There is no way for the glass melt to
migrate into the melter bottom structure. The only way the glass can leave the melt tank is the pipe
channel. In earlier melter designs this feature was less rigorously taken into account. The present
design guarantees that this very important requirement of an induction heated glass pouring system,
coupled to a ceramic-lined glass pool, is achieved.
Start-up of pouring
Start-up of glass pouring requires within about 40 min gradual increase of induction heating of
the pouring pipe until about 950°C. Then direct electrical heating of the glass in the ceramic part of
the outlet channel follows. A power release of typically 0.6 kW (6A, 100V) for 10 min initiates
finally the pouring start. After start of the glass flow the direct electrical heating circuit is switched
off. In this way, two independent heating devices are required to be able to start the glass flow. This
contributes to the safety control of the start-up of pouring operation. At the beginning of the pouring
the temperature of the glass stream is at 950 - 1000°C. Later in the pouring the glass stream
temperature increases to about 1050°C.

Reliable stop of the glass pouring
The glass flow stops reliably when the induction-power for the heating of the pouring pipe is
reduced. Gradual reduction of induction power causes gradual decrease of the glass flow rate from
120 kg/h to about 40 kg/h. From that point of pouring conditions complete switch off of induction
heating leads to the stop of the glass flow in less than 1 min. Canisters can be filled to 400 kg
content within a precision of ± 2-3kg.
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Blockage protection, easy remove of noble metal sludge
The new optimised bottom drain design, as shown above, has additional to the central channel,
12 subchannels trough which the glass melt flows into the induction heated pouring pipe. During a
long overall service life of the melter solid material could fall onto the drain area (e.g. an irregularly
formed piece of ceramic refractory). However, no blockage of the pouring pipe must be feared
because of the multi-channel system. In former melter designs, only one channel was available
conducting the melt into the drain pipe. Thus the risk for a blockage was substantially higher. The
new design additionally minimises the blockage risk by the fact that the diameter of the side
channels is smaller than that of the drain pipe. Hence, solid pieces which could once pass one of the
subchannel can pass the pouring pipe in any case.
Another main reason for the design of the subchannel system in the bottom area was due to the
aspect that the noble metals of the HLLW - ruthenium, rhodium, and palladium - do practically not
dissolve in the borosilicate glass melt. They form isolated particles which - driven by their high
density- settle towards the melter bottom. There they form together with the adjacent glass an
extremely viscous and also electrically well conductive sludge. This sludge flows along the sloped
melter side walls towards the bottom area of the glass tank. The subchannels in this area support the
flow of the sludge down into the pouring pipe. In this way the slope of the melter walls ensures the
collection of the viscous noble metals sludge, and the subchannels in the melter bottom provide
easy, safe and complete discharge of the sludge. An accumulation of noble metal sludge would
cause serious problems regarding power release in the glass pool. The electric field and thus the
current field in the melt tank would be unfavourably changed. The portion of electric current passing
through the sludge would increase to undesirable high values compared to that through the bulk of
glass.
Reliable glass flow rate measurements and removal of volatile (radioactive) species
During glass pouring the increase of glass mass in the canister is monitored by weight
measurement. From the data the glass filling degree of the canister and the glass flow rate are
derived. To minimise loss of volatile radioactive species from the hot glass pouring stream into the
melter cell, the canister should be rather gas-tight coupled to the bottom drain system On the other
hand, the canister length increases during glass filling due to thermal expansion. Gas tightness
between bottom drain and canister sustained by a bellow system can have the disadvantage of
influencing the weight measurement by uncontrollable forces caused by canister expansion. These
problems have been solved by application of a labyrinth seal and removal of the volatiles by suction
into the melter plenum and thus the off-gas according to Fig. 5.
Among others, particularly Cs-compounds are increasingly volatile from glass melt with
enhanced temperatures. Measurement data of partial vapour pressure of such types of species
proving this effect, are also given in Fig. 5 according to Refs. [3,4]. The loss of radioactivity into the
melter cell during glass pouring without coupling of the canister to the pouring system has been
tested in the PAMELA-plant (see upper diagram of Fig. 5). The specific radioactivity of the melter
cell increased significantly during the glass pouring operation. The data has been the base to
improve the melter design in this respect.

Cleaning of off gas pipe
The melter off-gas carries among others particulate material which can partly deposit inside the
off-gas pipe connecting the melter off-gas exit with the first off-gas treatment component. The pipe
requires therefore periodic cleaning in order to avoid accumulation of deposited material. The
cleaning method had been improved in respect to simplicity as well as effectiveness and safety. Two
so-called air blasters are used for cleaning the vertical and horizontal section of the pipe as shown in
Fig. 6.
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Fig. 5: Minimizing loss of volatile radioactive species from glass stream into the meiter
cell during glass pouring. Data of partial vapor pressure of some Cs-compound
are from Ref. [3] (at lower temperatures) and Ref. [4] (at higher temperature).
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Fig. 6: Off-gas pipe with two air blasters for cleaning the pipe from deposits
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The blasters consists of a pressure vessel and a valve system which allows (a) filling of the
pressure vessel with pressurised air and (b) sudden release of the air (within some milliseconds).
This sudden release of the air is associated with air wave generation. These waves removes the
deposits from the pipe wall. The pressure vessel volume and pressure have been adjusted to the
small-scale melter here described. Additional to this cleaning procedure, the vertical section of the
off-gas pipe is designed to allow the release of rinsing air at the entrance of the off-gas into the pipe.
The rinsing air cools the pipe in this section and helps to avoid that deposits become solids by a
sintering process. Furthermore the complete off-gas pipe has been designed for remote replacement
if necessary.

Level detection in the melt tank
For easy and safe operation reliable information is required concerning the time when the glass
pouring operation should be started. For this purpose the small-scale melter has been equipped with
a glass level detection probe. The principle function of this device is shown in Fig. 7. It consists
basically of an electrically isolated INCONEL 690 rod which is introduced trough a nozzle of the
melter roof.
When the glass level arrives at this rod, an electric signal (voltage) is delivered which maintains
as long as the rod is in contact with the melt. If glass pouring takes place and the glass level
decreases, the electric signal disappears as soon as it looses contact with the melt (see schematic
diagram in Fig. 7). The detection rod is protected by a kind of globe in order to avoid undefined
contacts of the rod with waste processing material present on top of the glass pool. The device is
designed for remote replacement.

EL Signal (voltage)
when contact

Melter
plenum
Iraconel 690
(el. isolated)
max.level
minJevel

Fig. 7: Principle of level detection probe used for initiating the glass pouring procedure.Time
period ® glass pouring operation, © normal gradual increase of glass level
PROTOTYPE NON-RADIOACTIVE TEST FACILITY
Tests of the small-scale melter have been performed and are continued in a non-radioactive
prototype test facility designed and constructed at the Institut fur Nukleare Entsorgungstechnik
(INE) of Forschungszentrum Karlsruhe (FZK). This facility comprises a HLLW-simulant receipt
area, a section for feeding glass frit and waste solution into the melter, a melter cell equipped with
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Fig. 8: New small-scale melter in the vitrification cell of the non-radioactive prototype test facility
at the Institut fur Nukleare Entsorgungstechnik (INE)
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remote technique, an off-gas line with wet cleaning and dry filtration of the off-gas , and a remotely
operable canister handling cell (canister cooling station, lid welding). The work is done to support
the VEK-project described elsewhere [1]. Until now two continuos long-term test trials have been
performed each lasting 4 - 5 weeks with folly simulated waste solution including the noble metals.
A photograph of the small-scale melter inside the melter cell of this facility is given in Fig. 8. The
small-scale melter allows its installation in the hot cell in a hanging position. This solution is
advantageous as the area beneath the melter can completely be used for remote handling operations.
The melter proved to be easy and safely operable including process control, glass pouring, off-gas
pipe cleaning, and glass level detection. Remote handling operation of subcomponents of the melter
has also been tested.
The glass produced in the first test run has been investigated in the glass lab. It showed the
predicted data including waste glass loading and physical and chemical properties. The noble metals
balance revealed that the small scale melter is fully noble metals compatible.
Further test with the facility are foreseen in 1999 including simulation of defined off-standard
conditions and waste solution compositions. The test results will also be provided to the VEKproject. The active operation of the VEK facility is scheduled for 2003/2004.
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Abstract
For enhancing the understanding on the thermodynamic mechanism of the extraction of felements in a pyrochemical bi-phase extraction system, some thermodynamic quantities related
to their affinity to the solvent materials were studied. A reductive extraction system consisting
of molten alkaline chloride and liquid Bi and Zn was selected for this purpose, and the excess
free energy of tri-chlorides of lanthanide associated with their solution into alkaline chloride
molten salt was estimated. The standard free energy change of formation of diluted liquid alloy
of lanthanides with Bi and Zn was discussed in the aid of a semi-empirical model for alloy
formation. Their systematic variations along the f-series were studied to elucidate the
distribution behaviors.

I. INTRODUCTION
The reductive extraction of f-elements between molten chloride and liquid metal deserves a
particular interest as one of the optional techniques for reprocessing the spent nuclear fuels.
Particularly, in comparison with the separation systems using aqueous extraction techniques,
the high separation factors between lanthanides and actinides achievable in this system are
prominent[11[2]. Generally, the separation performance of two elements in a pyrochemical
reductive extraction system using molten chloride mainly depends on the difference of the
standard free energy of formation of their chlorides. On the other hand, it is known that the
activity coefficients of the elements in the metallic phase and the molten salt phase greatly
influence the separation efficiency. The chemical activities of the elements in either phase are
mostly controlled by their chemical affinity to the solvent. For instance, in the liquid metal
phase, the affinity of metallic states of solute elements to the liquid metals leads to an excess
energetic stabilization of the solute metals, hence, the solutes loses their chemical activities from
those of the pure states. A same effect occurs onto the cationic states in the molten alkaline
chloride salt. Thus, In order to evaluate the effectiveness of the separation of lanthanides and
actinides by this technique, their chemical activities in both phases will be a quite important
subject to be studied. Therefore, the purpose of this study is to determine and estimate some
-
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major thermodynamic quantities related to their affinity to the phases, and to clarify their
systematics along the series. By fulfilling these purposes, predictions of the separation
behavior of lanthanides and actinides in similar pyrochemical separation systems will become
possible.
The chemical activities of elements in the liquids are the reflection of the thermodynamic
stabilities of the elements in the liquids, thus by measuring them, we can obtain the value of
standard free energy change associated with the solution of solutes into the liquids. The
chemical activities of metallic f-elements in liquid metals can be directly determined by an
electromotive force (EMF, hereafter) measurement at any temperature PM5]!6', and some of
them have been reported as the standard free energy changes of the solution of f-elements into
liquid metals. In contrast, with respect to their chemical activities in the molten salt phase, it is
difficult to be directly measured by EMF especially at higher temperature than about 773 K.
This is because there are few reliable reference electrodes to be easily adapted. Therefore, we
have insufficient data related to the chemical activity of f-elements in the molten salt phase.
From the above points of view, in this study, we describe our trial to estimate the excess free
energy of chlorides of f-elements in the salt phase. They were estimated by applying the
experimentally determined distribution ratios to the theoretical relations of related
thermodynamic quantities. In addition, the systematic variation of the major thermodynamic
quantities along the f-series was discussed.
II. EXPERIMENTAL
The details of the experiments to determine the distribution ratios of lanthanides and actinides in
a reductive extraction system has been already reported elsewhere I11PI. Equilibrium
distributions of trivalent lanthanides and actinides were radiochemically determined at 873 and
1073 K in a bi-phase system of molten eutectic mixture of LiCl and KC1 (mole ratio of lithium to
potassium=51/49) and liquid Bi or Zn. The 99.9% pure KCl-LiCl mixture was purchased
from Anderson Physics Laboratory Engineered Materials Inc. and all other reagents used were
of analytical grade purchased from Wako Pure Chemicals Co. Ltd. All the extraction
experiments were performed in a glove box filled with purified Ar the humidity of which was
kept <1 ppm. In a typical experiment, 2 mol of LiCl-KCl mixture with 2 mol of Zn or Bi and
radioactive solutes were loaded in a sintered alumina crucible and it was heated to a given
temperature by an electric furnace. The distribution of the solutes between two phases was
controlled by adding a piece of Li-Zn or Li-Bi alloy as a reductant. After achieving an
equilibrium, small portions of both phases were sucked into a stainless tube for analysis. All
the samples were weighed and their radioactivities were determined by y-spectrometry
(lanthanides) or a-spectrometry (Am and Cm) to determine their distribution ratios. The Li
concentration in the metal phase sample was determined by atomic absorption
spectrophotometry.
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III. RESUKTS AND DISCUSSION
1. Thermodynamic expression of the extractability
The reductive extraction of trivalent lanthanides by metallic Li is described by equation (1)
MCl3(in S) +3Li(in B) • • M(in B) + 3LiCl(in S)

(1)

where M represents f-elements. In equation (1), the salt phase and the metal phase is denoted
by S and B, respectively, where B represents Bi or Zn. The brackets mean that the
components are not pure solids but are dissolved species in designated phases, thus, MQ3(in S)
represents the molten chlorides of f-elements dissolved in molten LiCl-KCl. This is
considered to be a tri-positive cation of M, which is present under a certain interaction with the
components or the structure of molten salt. M(in B) represents metallic M as a liquefied alloy
with B, which means that M is present as a certain intermetallic complex with B.
The thermodynamic equilibrium constant K of equation (1) is given by the first right-hand side
part of equation (2), where a denotes the chemical activity of the components which are
standardized to those of infinite dilution. In the conditions of the experiments of this study,
the concentration of MQ3(in S), Li(in B) and M(in B) are low enough that their activities can be
approximated by their concentration, thus it is given by the second part of the equation where
Yuc, is an activity coefficient needed for correcting the high concentration of LiCl(in S). By
adapting the relation between K and AGext°, equation (3) is obtained as a function of the
distribution ratios DM and DLi which are defined by [M(in B)]/[MCl3(in S)] and [Li(in B)] /
[LiCl(in S)], respectively. In equation (3), AGHl° represents the standard free energy change
of the reaction (1).

K

fl

LiCl(in S)

_ ,
fl

MCl3(inS)

#fl

Li(inB)

[M(inB)]-[LiCl 3 (inS)fy Lic , 3
[MCl3(inS)]«[Li(inB)]3
log(DM/DLl3) = -31ogrLlC, - - i - A G e x t 0

(3)

Therefore, by measuring log(DM/DLi3) for every element in the extraction experiments, the value
of the right-hand side of equation (3) can be determined.

2. Results of the extraction experiment
Both in Zn ad Bi system, about ten to twenty pairs of logDM and logDu for some trivalent
lanthanides and two trivalent actinides were measured at two different temperatures, 873K and
1073K. The averaged log(DM/DLi3) value of elements were obtained as an intercept of the
3rd-powered linear dependence of logDM on logDu. These were determined by applying the
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least square method of curve fitting to the sets of logDM and logDu. The results of log(DM/Du3)
of trivalent lanthanides and actinides obtained by this experiments are summarized in Table

3. Relation of the thermodynamic quantities
The standard free energy changes of formation of four species of reaction (1) are denoted by
AGf°[MCl3 in S], AGf°[Li in B], AGf°[M in B] and AGf°[LiCl in S], respectively. These
AGf° are defined as the standard free energy changes associated with the formation of infinitely
diluted species of them. As indicated by equation (4), they are given as the sum of the free
energy change of formation of their liquid states and the excess free energy which arises in
mixing these liquids with the solvent liquids. In equation (4), such as AGf°[X, liq] is the
standard free energy change of formation of liquid states of component X.
AGf°[MCl3 in S]= AGf°[MCl3, liq] + AGex[MCl3 in S]
AGf °[Li in B]

= AGf °[Li, liq] + AGex[Li in B]

AGf°[LiCl in S] = AGf°[LiCl, liq]+ AGex[LiCl in S]
AGext° of equation (3) is given by the difference of the total of AGf° of products and reactants,
and hence, substituting equation (4) to equation (3) yields equation (5) which is the basic
thermodynamic expression of this study.
log(DM/DLi3) = --L-AGf°[M

in B]

Z.JKI

2.3RT

AG f °[MCl 3 , liq]+ AG ex [MCl 3 in!

2.3RTlog yiia }
Among the thermodynamic quantities in equation (5), AGf°[MCl3, liq], AGf°[LiCl, liq] and
AGf°[Li, liq] are available from the published database of thermodynamic constants of
inorganic substances^1. Some of the lanthanides have higher melting points than the given
temperature of the experiments. In such cases, they were hypothetically treated as supercooled liquids.
AGex[Li in B] was calculated from the reported activity coefficients of Li in
Zn [31and Bi [8] , and AGex[LiCl in SJ+2.3RT logYUCI was also calculated from the reported
activity coefficient of LiCl in the eutectic mixture of LiCl-KCl[9]. In equation (5), if the values
of log(DM/DLi3) are determined by the extraction experiments, two parameters AGf°[M in B] and
AGex[MCl3 in S] are left unknown. Thus, by knowing one of these two, the another can be
calculated. In this study, reported and estimated values of AGf°[M in B] were applied to
equation (5), and AGex[MCl3 in S] was calculated. In Table 2, values of AGf°[MCl3, liq],
AGf°[LiCl, liq] and AGf°[Li, liq] quoted are listed. AGex[Li in B] for Zn and Bi and
-
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are also indicated in Table 2.

4. Systematic variation of AGf°[M in B] of lanthanides
AGf°[M in B] of lanthanides can be directly measured by the EMF measurement, and it has been
measured for some lanthanides in liquid Zn and Bil3)[4]l51. These are summarized in Table 3. In
order to estimate the unreported values of AGf°[M in B] of lanthanides, systematic variation of
AGf°[M in B] along the lanthanide series was discussed.

AHsol[AinB]= V2/3
SOIL

-[-(Ad>) 2 + ^(An b 1 / 3 ) 2 - - ]

J^
n b (A)"

1/3

+n b (B)"

1/3

[

AH sol [AinB]=V 2/3 «/(n b (A),n b (B),A4>)

}

?

V

b

}

Pj

(6)
K)

(7)

According to the Miedema's semi-empirical model110"111, the enthalpy change of solution of
metal A into metal B which is denominated as AHsol[A in B] is given by equation (6), where V is
the molar volume of metal A, nb(A) and nb(B) are electron density at the boundary of WignerSeitz cell, A3> is the difference of electronegativities between A and B, and P, Q, R are specific
constants. By introducing a new factor/ which encompasses all other terms than V2/3, the
right-hand side of equation (6) yields equation (7). The values of related parameters for
lanthanides, which are necessary for Miedema's calculation are listed in Table 4[10]. In Table 4,
it is to be noted that the variation of/ over the lanthanide series is not so large that/ can be
roughly approximated to be constant. Consequently, calculated AHSO|[M in B] for lanthanides
approximately shows a linear dependency on V2/3, which can be clearly seen in Fig. 1. On the
other hand, associated entropy change is expected to have less contribution to the free energy
change and does not largely vary along the series. Therefore, AGf°[M in B] for lanthanides is
expected to show a similar close-to-linear relation reflecting the variation of AHsol[M in B].
Actually, the reported AGf°[M in B] of lanthanides for liquid Zn and Bi which are plotted vs.
V2/3 in Fig. 2 showed close-to-linear relation vs. V2/3. Therefore, the values of AGf°[M in B]
of elements, which have not been measured can be estimated by the linear lines of Fig. 2 as a
function of V2/3 listed in Table 3. The bracketed numbers in Table 3 are the estimated ones by
this systematics.
5. Systematic variation of AGCX [MC13 in S]
By adapting log(DM/DLi3), AGf°[MCl3, liq], AGf°[LiCl, liq], AGf°[Li, liq], AGex[Li in B],
AGex[LiCl in S]+2.3RT logy ucl , and AGf°[M in B] to equation (5), AGex[MCl3 in S] for some
lanthanides were calculated. The calculated values of AGex[MCl3 in S] are listed in Table 5.
The values of AGex[MCl3 in S] vary from -40 to -100 kJ/mol, which implies the presence of a
quite strong chemical stabilization of trivalent cations in the molten chloride phase. In Table 5, it
should be noted that AGex[MCl3 in S] obtained from two independent experimental systems (Zn
and Bi) agree quite well, which suggests that this method of estimating AGex[MCl3 in S] from
the distribution ratios is quite successful, especially at high temperatures.
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In order to deduce the mechanism of this stabilizations of lanthanide cations in the molten salt
phase, the dependence of AGex[MCl3 in S] on the size of the lanthanide cations are discussed.
Because we don't have any detailed information on the distance of the nearest neighbor
elements from the lanthanides in the molten alkaline chloride matrix, we used the crystalline
ionic radius of lanthanide as an index which reflects semi-quantitatively the distance to the
nearest neighbor elements. The ionic radius of the elements used are those under coordination
number 6[n]. In Fig. 3 and 4, they are plotted vs. the inverse of lanthanide's ionic radius. In
Fig. 3 and 4, the elements showed a roughly monotonic decrease on 1/R except for Pr and Lu
which showed certain discrepancies to the same direction from the lines. We will have to check
the reason of these singularities, but the linear tendency over the majority of the elements
suggests that the stabilization of lanthanide tri-positive cations presumably have an inverse
dependence on the ionic size. Most probable chemical potential of this type is of the coulombic
interaction between surrounding ions. The following two types of electrostatic mechanism of
stabilization can be presumed, (a)electrostatic potential by the reciprocal coulombic effect in the
quasi-lattice structure of chloride salt, and (b)formation of a complex of lanthanide by the
coordination of other ions particularly by Cl\ The mechanism (a) must have a certain role in
the total stabilization to some extent, however, the unexpectedly deep stabilization energy
observed also implies the presence of mechanism (b). Further study will be needed to
elucidate the total mechanism of the stabilization of lanthanide cations in the salt phase.
The difference of AGex[MCl3 in S] between two different temperatures gives an information of
the corresponding standard enthalpy change (AHex[MCl3 in S]) and entropy change (ASex[MCl3
in S]). Because of the scatter of the data around the linear relation in Fig. 3 and 4, we can
hardly evaluate the precise difference of AGex[MCl3 in S] over the temperature difference of 200
degrees. However, most probable lines roughly drawn in Fig. 3 (873 k) and Fig. 4 (1073 K)
are likely to be roughly parallel and their difference is not greater than 10 kJ/mol. It suggests
that ASex[MCl3 in S] is not relatively large, and it is probably as large as -50 J/mol K for the
entire series. In view of the parallel relation between two temperatures the variation of the
entropy change along the lanthanide series seems to be small, and this means that the variation
of the free energy change along the series is largely dependent on the variation of AHex[MQ3 in
S].
AGex[MCl3 in S] of Am and Cm were unable to be determined in this experiment because their
AGf°[M in B] had not been reported. Therefore, for these two actinides, only the sum of
AGex[MCl3 in S] and AGf°[M in B] were determined.

6. Systematic correlation of the thermodynamic quantities
As discussed in the previous section, AGex[MCl3 in S] becomes more negative with decreasing
ionic radius, which means that smaller trivalent cations of lanthanides gains more stabilization in
the salt phase. In contrast to this, AGf°[M in B] becomes more negative with increasing size of
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the metallic cells of lanthanides, i.e., metallic radius. Their monotonic variations along the
4f-series suggest that the chemical interactions between lanthanides and solvents are simply
size-dependent. It presumably implies that 4f-electrons don't play a specific role in the chemical
bonding with the solvent components in either phase, except for their role to cause the sizereduction which is well known as the lanthanide-contradiction. In other words, either in the
cationic state or metallic state, 4f-orbital seems to be deeply localized to the elements.
In Fig. 5, for every element studied at 873K, the correlation between AGex[MCl3 in S] and
AGf°[M in B] is shown. AGex[MQ3 in S] shows inverse proportion to AGf°[M in B] in Zn and
Bi system. In both systems, Pr showed exceptional singularity from the rough correlation lines
reflecting its singularity in AGex[MCl3 in S]. Fig. 5 is convenient to understand the balance of
the affinities of elements to two phases, which helps us to evaluate their distribution behaviors.
The elements which are located in the upper-left side of Fig. 5 are more favored by the liquid
metal phases, and hence, there arises an additional force to distribute them to the metallic phase
rather than to the salt phase. In contrast, those in the bottom-right side have similar affinity to
both phases which are to be canceled out in the thermodynamic relation of the distribution, thus,
the distribution of the heavier lanthanides are likely to be only governed by the formation free
energy changes of their chlorides. Because of the lack of the data of AGf°[M in B] for Am and
Cm, their AGex[MCl3 in S] were not able to be determined in this study. In stead, only the
sum of the two parameters were estimated for these elements, and their possible correlation is
indicated in Fig. 5 by the dotted lines on which Am and Cm should show their correlation
points.
Two correlation lines of lanthanides for Zn and Bi system are characterized by the large
difference in their horizontal locations in the figure. It indicates observed relatively stronger
affinity of Bi to lanthanide than Zn. In the Miedema's interpretation above, this is due to the
difference of the factor / of equation (7) which largely depends on the value of constant term
R/P which is specific to different metals. R/P is a factor to correct the presence of an
additional bonding which are specific to the selected pair of metals, and, it is considered to be
the appearance of an enhanced metallic bonding caused by the hybridization of d-orbital with
p-orbital. In Fig. 5, the difference of the location of Am and Cm relative to the lanthanides
deserves a special interest because it implies the different feature of the actinides relative to the
lanthanides. In the Bi system, the dotted lines of Am and Cm representing possible
combination of their AGex[MCl3 in S] and AGf°[M in B] are located at left-sided part of the line
of lanthanides. It means that, in comparison with the case of Zn system, Am and Cm make
relatively stronger bonding with Bi than lanthanides do, and they are likely to act like lighter
lanthanides. It is natural to presume that the stronger affinity of actinides to Bi is attributable to
the deeper hybridization of the 5f-orbital with the p-orbital of Bi.
IV. CONCLUSION
Based on the experimentally determined distribution ratios of trivalent lanthanides and actinides
-
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in the pyrochemical reductive extraction system, some thermodynamic quantities related to their
affinity to the solvent materials were studied. With respect to the stabilization of lanthanide
metals in the liquid metals, the standard free energy changes of formation of diluted liquid alloys
of lanthanides were considered to have a close-to-linear dependence on the 2/3 power of the
molar volumes of the pure metals. This systematics was used to estimate those of unreported
lanthanide elements. With respect to the stabilization of lanthanides and actinides in the molten
alkaline salt phase, the excess free energies associated with the solution of their tri-chlorides to
the alkaline chloride molten salt were estimated from the observed distribution ratios. A rough
linear dependence of it on the inverse of the ionic radius was found, and the mechanism of the
stabilization of the tri-positive f-element cations in the molten salt phase was deduced to be an
electrostatic one. Through the correlation of the AGex[MCl3 in S] and AGf°[M in B] of felements, the stronger intermetallic interactions of lanthanides and actinides with Bi than with
Zn were shown, and it was considered that actinide makes a stronger interaction with Bi than
lanthanide does. We can conclude that the distribution behaviors of f-elements in a
pyrochemical bi-phase extraction system are the consequence of the thermodynamic systematics
of f-elements discussed above. A further study will be desired for elucidating more detailed
mechanism of the interaction of f-element cations in the molten salt phase, and intermetallic
interaction of metallic f-elements with d- and p-electron metals.
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Table 1 Experimentally determined log(DM/DLi) of f-elements
Zn
873K

Zn
873K

Bi
1073K

Bi
1073K

La
Ce
Pr
Nd
Pm

10.879
11.197
11.578
10.935

8.903
9.226
9.558
8.920

6.605
6.713
6.911
6.648

5.328
5.668
5.664
5.608

Sm
Eu
Gd
Tb
Dy
Ho
Er

6.665
5.110
10.638
11.195

5.208
3.555
8.667
9.352
9.693
9.298
9.386
8.776
4.929
8.899
10.309
10.040

3.492
2.617
6.478
6.389

3.136
1.873
5.206
5.071

5.708
2.568

5.011
1.815

9.485
9.113

8.056
7.690

Tin

Yb
Lu
Am
Cm

11.010
10.829
10.558
6.474
10.356
12.353
11.984

Table 2 Related thermodynamic quantities applied
AGf° [LnC\3,liq] a)
873K
La
Ce
Pr
Nd

-845.2
-832.4
-834.6

Gd
Tb
Dy
Ho

Yb
Lu
Am
Cm
AG,°[LiCl,//v] *'
a)

&G, [U,tiq]
cx

-675.2

-647.9

-661.4
-795.8
-784.4

-633.2
-760.6
-749.3
-740.4

-777.2
-783.9
-774.4
-768.6

Er
Tm

o

-

-810.0
-794.6
-799.0
-787.4
-

-822.3

Pm
Sm
Eu

1073K

-746.2
-736.3
-730.5

-645.8
-780.4
-782.0
-778.3

-618.3
-748.3
-737.1

-338.6

-326.8

-1.8

-733.3

-1.8

b)

-69.0

-31.8

AGcx[Li in Z n f

-31.8

-68.3

-2.2

-2.2

AG [Li in Bi]

AGex[LiCl in S]+2.3RTY

d)
Lia

unit : kj/mol
a)Reference [7], b)Reference [8], c)Reference [3], d)Reference [9]
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Table 3 AGf°[Ln in B] applied and estimated in this study
AGf°[Ln i n B i ] a ) b )

AGr°[Ln inZn]

a)b)

873K

1073K

873 K.

1073K

La

-197.6

-194.4

-154.5

-134.8

Ce

-184.1

-176.4

-149.0

-129.5

Pr

-179.8

-168.6

-138.1

-114.3

Nd

-180.1

-172.8

-149.9

-128.4

Pm

(-170.8)

(-164.3)

(-136.0)

(-119.1)

Sm

(-167.7)

(-161.3)

(-133.6)

(-117.4)

Eu

(-167.2)

(-160.7)

(-133.2)

(-117.1)

Gd

-168.0

-163.2

(-132.4)

(-116.5)

Tb

(-158.9)

(-152.5)

(-126.8)

(-112.6)

Dy

(-154.7)

(-148.4)

(-123.6)

(-110.3)

Ho

(-151.6)

(-145.3)

(-121.1)

(-108.6)

Er

-143.8

-139.1

-114.3

-106.4

Tm

(-143.3)

(-137.1)

(-114.7)

(-104.1)

Yb

(-141.2)

(-135.0)

(-113.1)

(-103.0)

Lu

(-133.2)

(-132.5)

(-111.1)

(-101.6)

unit : kJ/mol
a) Reference [3], b) brackets : estimated

Table 4 Prameters for Miedema's semi-empirical model

y2/3a)
2

f
2/3

Bi

Zn

7.98

(V)
3.17

(du'T

La

1.18

-30.7

-21.4

Ce

7.76

3.18

1.19

-30.5

-21.6

Pr

7.56

3.19

1.20

-30.2

-21.8

Nd

7.51

3.19

1.20

-30.2

-21.8

Pm

7.43

3.19

1.21

-30.2

-22.2

Sm

7.37

3.20

1.21

-29.9

-21.9

Eu

7.36

3.20

1.21

-29.9

-21.9

(cm /mol )

Gd

7.34

3.20

1.21

-29.9

-21.9

Tb

7.20

3.21

1.22

-29.6

-22.1

Dy

7.12

3.21

1.22

-29.6

-22.1

Ho

7.06

3.22

1.22

-29.4

-21.8

Er

6.98

3.22

1.23

-29.3

-22.1

Tm

6.90

3.22

1.23

-29.3

-22.1

Yb

6.86

3.22

1.23

-29.3

-22.1

Lu

6.81

3.22

1.24

-29.2

-22.5

Bi

7.20

4.15

1.16

Zn

4.38

4.10

1.32

P=12.3

Q/P=0.944 R/P=0.715 for Zn, 1.175 for Bi

'

a) Reference [11], b) du = 6 X 1022 electrons/cm3
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FROM NITRIC ACID USING
NEW AROMATIC DIORGANYLDITHIOPHOSPfflNIC ACIDS
Giuseppe Modolo
Institut fur Sicherheitsforschung und Reaktortechnik,
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ABSTRACT
In this paper, extractants are presented which made it possible to separate actinides(III)
and lanthanides from strong nitric acid solutions (0.05 - 1 mol/L). For this purpose, new
aromatic dithiophosphinic acids were synthesized and characterized, and the distribution
ratios of Am(III), Eu(III) and all relevant lanthanides were determined in batch extraction
experiments. The extractant used was a mixture of aromatic dithiophosphinic acid +
synergist in an aromatic solvent. In particular, the influence of the synergist and solvent is
described. With the aid of a 12-step flowsheet it was also possible for the first time to
continuously partition actinides/lanthanides at an acid concentration of 0.5 mol/L HNO3.

1. Introduction
Isolation of the trivalent Am and Cm actinides from liquid high-level waste is the aim
of various partitioning strategies. However, the desirable selective extraction from
high-level nitric acid solutions produced by the PUREX process and containing over 30
fission products has not been possible to date. After U, Pu, Np and the majority of
undesirable fission products have been separated, an actinide(III) fraction arises in all the
partitioning processes so far known (e.g. TRUEX, TRPO, DIDPA and DIAMEX)1. The
trivalent actinides are so far always accompanied by the trivalent lanthanides, which are
abundantly present in HLLW, due to their comparable chemical and physical properties.
Since they impair the transmutation of Am and Cm due to their high neutron absorption
cross-sections, the two element groups should be partitioned again in a subsequent step.
This actinide/lanthanide partitioning is still one of the most difficult operations in any
partitioning process.
In the recent past, several interesting extractants have been presented in the literature
for actinide/lanthanide partitioning by liquid/liquid extraction. Of particular interest are
studies by Chinese scientists2 who achieved incredibly high Am/Eu separation factors
> 5000 with purified Cyanex 301.
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Since we have recently3 confirmed the excellent results of Zhu et al., we considered
that it would be interesting to extend our studies to the selective extraction of trivalent
actinides from lanthanides using this class of sulphur-containing extractants.
According to Zhu et al. the following extraction mechanism is proposed for the
extraction of Am(III) and Eu(III) with Cyanex 301 (HA) where the subscripts aq and org
refer to the aqueous and organic phases.
M3+aq +2(HA)2o rg <-> MA3(HA)org + 3 H+aq

M = Am,Eu

(1)

It can be seen from Equation 1 that the extraction equilibrium also depends on acid
strength. Three protons are released during extraction. Since previous research on Cyanex
301 indicated that its acidity is too low and that it only becomes an effective extractant in
the higher pH regions of aqueous solutions (i.e. pH > 3), it was necessary to attempt to
increase the acidity of such ligands as R2PSSHS by attaching electron-withdrawing
substituents (R) so that they could extract in lower pH regions. The ideal acidity of the
aqueous phase for the actinide(in) extraction should fall in the range below pH 2.
Otherwise the pH value must be controlled or stabilized by a buffer during separation,
especially if real waste solutions and Am(IH) concentrations > 10" mol/L are involved.
Recently we have shown that aromatic dithiophosphinic acids (Fig. 1) synthesized in
our laboratory are more powerful extractants than Cyanex 301 and first results have
already been published4'5. A detailed description of the synthesis and characterization of
the extractants and the experimental description of batch extraction studies are to be
found in Ref. 6, where studies on the radiolytic stability of the new extractants are also
reported, featuring high resistance to gamma radiation. The present paper desribes the
latest results on actinide/lanthanide partitioning with the aid of aromatic dithiophosphinic
acids and, for the first time, also presents the promising results of a continuous extraction
procedure.

Fig. 1. Structure of the synthesized aromatic dithiophosphinic acids.
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2. Results and Discussion
2.1. Effect of the Synergist
The extraction results with bisphenyl-, bis(chlorophenyl)- and bis(fluorophenyl)dithiophosphinic acid using TBP as the synergist from 0.01 to 0.4 mol/L nitric acid are
shown in Fig. 2. It can be seen that the extraction ratios of Am(III) and also Eu(III)
increase strongly in the order (C6H5)2PS(SH) < (F-C6H4)2PS(SH) < (C1-C6H4)2PS(SH).
However, the selectivity in the investigated acidity range decreases in the same order with
Am/Eu separation factors of 230 - 280,41 - 57 and 28 - 31. This suggests that the
extraction can be improved by incorporating even stronger electron-attracting groups
(such as NO2 or two Cl groups), whereas selectivity decreases inversely. The influence of
TBP and the extractant concentration on the extraction of Am and Eu has also been
examined. The results of a slope analysis are reported in Ref 6. It was found that the
optimum extractant concentration was 0.5 mol/L and that of the TBP synergist ranged
between 0.1 and 0.25 mol/L. No extraction has been observed without TBP.

10 4
Am, (C1-C6H4)2PS(SH)
Eu, (C1-C6H4)2PS(SH)

103
102
Q
•B 1 0 1

I io°
110'1

a

io- 2
—O—

Am, ( C J H J ^ P S C S H )

10- 3 ^— A — Eu, (C6Hs)2PS(SH)
: — A — Eu, (F-C6H4)2PS(SH)

10"

0.01
0.05
0.1
Initial HNO3 concentration (mol/L)

0.5

Fig. 2. Extraction of Am(III) and Eu(III) with different 0.5 M dithiophosphinic acids + 0.25 M TBP in
toluene from HNO3.
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The influence of the synergist on the extraction of Am(III) and Eu(IH) with the
dithiophosphinic acid (Cl-CeH^PSCSH) was studied. We tested various neutral
triorganylphosphates and phosphine oxides. The results are shown in Table 1. For
comparison, the data with TBP are listed in the first line of Table 1. Using mixtures of
trimethyl- or triphenylphosphate + bis(chlorophenyl)dithiophosphinic acid, for example,
no extraction of Am(ffl) and Eu(III) (DAm,Eu < 10'3) from 0.2 M HNO3 was observed. On
the other hand, we observed a selective extraction of Am(III) with a distribution ratio
DAHI of 2 and a high Am/Eu separation factor of > 200 under the same conditions using
trioctyl- or tris(2ethylhexyl)phosphate as the synergist.
Obviously, the selectivity is caused by steric hindrance. At the phase boundary,
however, a white voluminous precipitate was observed, which made phase separation
difficult and was presumably caused by co-extracted HNO3 or H2O. Therefore, no further
investigations were carried out.
The best results so far have been achieved with the synergistic combination of
bis(chlorophenyl)dithiophosphinic acid + trioctylphosphine oxide (TOPO). Similar
results were obtained with tributylphosphine oxide (TBPO). As can be seen from Table 1,
the Am(m) distribution ratios increase by approx. two orders of magnitude compared to
TBP (e.g. DAm,TOPO=152 and DAm,TBP = 2, respectively, for 0.2 M HNO3) with
comparable Am/Eu separation factors of approx. 30.
Table 1. The influence of the synergist on the extraction of Am(III) and Eu(III) with 0.5 M bis(chlorophenyl)dithiophosphinic acid + synergist in toluene from nitric acid.

Synergist

0.2 mol/L HNO 3

0.4 mol/L HNO3

(0.25 mol/L)

DAH,

DEu

SFAm/Eu

DAm

DEu

SFAHI/EU

Tributylphosphate

2.13

0.068

31.2

0.19

0.0068

28.1

Trimethylphosphate

0.0046

0.00037

12.3

0.0012

0.00056

2.3

Triphenylphosphate

0.0017

0.00022

8.1

0.00051 0.00026

2.0

Trihexylphosphate

25.54

21.25

1.2

3.25

3.31

0.9

Trioctylphosphate*

2.11

0.0088

237.9

0.165

0.0013

122.5

Tris(2-ethylhexyl)phosphate*

1.98

0.00165

1199.8

0.169

0.00072

235.1

Tributylphosphine oxide

121.07

5.89

20.5

11.54

0.588

19.6

Trioctylphosphine oxide

152.25

5.46

27.9

15.85

0.632

25.1

Cyanex 925

4.17

1.54

2.7

0.456

0.167

2.7

1

precipitate formed after extraction
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Figure 3 shows a comparison of the three dithiophosphinic acids + TOPO as the
synergist. Surprisingly, a different pattern is found here compared to that with the
synergist TBP (cf. Fig. 2). At an acid concentration of 0.2 mol/L HNO3 the extraction
results with different dithiophosphinic acids are even almost comparable to each other.
This also applies to the Am distribution ratios at higher HNO3 concentrations. However
the Eu distribution ratios increase in the order (C1-C6H4)2PS(SH) < (F-C6H4)2PS(SH)
< (CeH5)2PS(SH) with increasing acidity so that the selectivity also decreases in the same
order (inversely for TBP).
— 0 —
•--&—

102

Q

Am, (C6H5)2PS(SH) + TOPO
Eu,(C6H5)2PS(SH) + TOPO

1 0

o

1

| 10°

a
10rl

10,-2

—A- - - Eu,
— O - Am,(F-C6H4)2PS(SH) + TOPO
— A — Eu, (F-C6H4)2PS(SH) + TOPO
1

.

1

.

1 ,

0.2
0.4 0.6 0.8 1
Initial HNO3 concentration (mol/L)

Fig. 3. Extraction of Am(III) and Eu(III) with different 0.5 M dithiophosphinic acids + 0.25 M TOPO in
toluene from HNO3.

2.2. Influence of the Diluent
In previous extraction studies toluene was used as the solvent because the aromatic
dithiophosphinic acids are poorly soluble in nonpolar solvents such as n-dodecane. A
disadvantage of toluene, however, is that it is very aggressive towards Plexiglass, the
material of our mixer-settlers which will be used in the near future for the continuous
counter-current tests, and therefore cannot be used.
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For this reason, other aromatic hydrocarbons were tested, e.g. Plexiglass is very
resistant to tert.-butyl benzene. Surprisingly, the extraction properties also changed when
changing the solvent. The results are compiled in Table 2.
It can be seen that the distribution ratio DA™ increases with rising molecular magnitude
of the solvent and that the Am/Eu separation factors also increase in the order toluene <
xylene < tert.-butyl benzene < tri-isopropylbenzene. With tri-isopropylbenzene, for
example, a D^n = 4.75 and a separation factor of 30 is obtained for HNO3 = 1 mol/1.
Increasing the size and number of substituent on the benzenic ring seems to decrease the
interaction between the diluent and the extractants, and consequently, let the extractant
exert a more direct interaction with the M(IH)ions.

Table 2: The influence of the diluent on the extraction of traces of Am(III) and Eu(III) with 0.5 M
bis(chlorophenyl)dithiophosphinic acid + 0.25 M TOPO from nitric acid (without macro
concentrations of lanthanides)

diluent

toluene

xylene

tert.-butylbenzene

tri-isopropylbenzene

HNO3
(mol/L)
0.5
1.0
2.0
3.0
0.5
1.0
2.0
3.0
0.5
1.0
2.0
3.0
0.5
1.0
2.0
3.0

DAm

DEu

SFAHI/EU

7.19
0.794
0.113
0.0263
8.83
0.927

0.306
0.0732
0.0329
0.0158
0.385
0.0805

23.5
10.8
3.4
1.7
22.9
11.5

19.18
1.768
0.193
0.0476
55.8
4.76
0.416
0.106

0.615
0.0988
0.0393
0.0219
1.23
0.159
0.0570
0.0461

31.2
17.9
4.9
2.2
45.6
29.8
7.3
2.3
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2.3. Distribution Ratios of241Am and all relevant Lanthanides
Prior to the continuous counter-current experiments, the distribution ratios of all
relevant lanthanides present in the feed of an An(III)/Ln(III) fraction from the DIAMEX
process had to be determined. Table 3 shows the compositions of the four simulated feed
solutions with different HNO3, which were used in the subsequent extraction studies.
Tables 4 show the results of the extraction of 241Am and 152Eu and of the other Ln(III)
(determined by ICP-MS) with 0.5 M bis(chlorophenyl)dithiophosphinic acid + 0.25 M
TOPO in tert.-butyl benzene. The results with tert.-butyl benzene as the solvent show that
the planned counter-current tests can be carried out at a HNO3 feed concentration of
about 0.5 - 1 mol/L. However, it can also be seen that the distribution ratios DAm and DEU
are smaller by a factor of 2 in comparison to those determined from pure HNO3 (cf. Table
2).

Table 3: Composition of the simulated An(III)/Ln(III) feed solutions generated from DIAMEX
process for the extraction tests

HNO3

0.50 mol/L
Element
Y
La
Ce
Pr
Nd
Sm
Eu
Gd

0.99 mol/L

2.06 mol/L

3.09 mol/L

Concentration in g/L determined by ICP-MS !)
0.2380
0.2372
0.2345
0.2261
0.7446
0.7200
0.7409
0.7064
1.4470
1.4595
1.3830
1.4070
0.6832
0.6715
0.5993
0.6447
2.4823
2.4550
2.4948
2.4045
0.4685
0.4796
0.4603
0.4806
0.0907
0.0900
0.0939
0.0878
0.0751
0.0765
0.0813
0.750

'rel. Error ± (4-10)%
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Table 4: Extraction of Am(III) and lanthanides(III) with 0.5 M bis(chlorophenyl)dithiophosphinic acid
+ 0.25 M TOPO in tert.-butylbenzene from simulated An/Ln feed solution.
HNO 3
element

Y
La
Ce
Pr
Nd
Sm
Gd
Eu
152
241

Eu
Am

DM(IID

0.325
0.254
0.551
0.527
0.296
0.373
0.303
0.357
0.352
11.926

2.0 mol/L

l.Omol/L

0.5mol/L
SFAm/Ln

DM(IID

SFAm/Ln

DM(III)

36.7
46.9
21.6
22.6
40.3
31.9
39.4
33.4
33.8

0.0384
0.0353
0.0741
0.0844
0.0527
0.0672
0.0515
0.0688
0.0931
1.677

43.6
47.4
22.6
19.9
31.8
24.9
32.5
24.4
18.0

<0.0005
0.0053
0.0060
0.0135
0.0099
0.0099
0.0082
0.0122
0.0377
0.180

3.0 mol/L

SFAm/Ln

-

33.8
29.8
13.3
18.1
18.0
21.8
14.8
4.8

SFAm/Ln

<0.0004
0.0015
0.0025
0.0044
0.0031
0.0039
0.0026
0.0066
0.0216
0.0436

-

29.2
17.0
9.8
14.2
11.2
16.3
6.6
2.0

2.4 Determination of the M(III) Transfer Kinetic
In order to obtain information about the transfer kinetics of the dithiophosphinic
acid/TOPO/tert.-butyl benzene and An(m)/Ln(in) feed simulate extraction system, the
dependence on the mixing time (0.5 - 12 min) was determined. After mixing, both phases
were immediately separated by centrifugation at 4200 rpm (1 min), aliquots were
sampled and analysed by y-spectrometry. Table 5 shows the results of the simple kinetics
studies. It can be seen that the equilibrium state is only obtained after 10 min mixing
time.
Table 5: Am(III) and Eu(III) extraction kinetics for 0.5 M bis(chlorophenyl)dithiophosphinic acid
+ 0.25 M TOPO in tert.-butylbenzene from simulated An(III)/Ln(III) feed solution (0.5 M
HNO3).

contact time
(min)
0.5

DEu

SFAIH/EU

0.795

0.184

4.3

1

1.55

0.263

5.8

2

1.64

0.316

5.2

5

4.31

0.357

12.1

6

7.21

0.352

20.2

10

9.66

0.380

25.4

12

9.18

0.392

23.4

-

273 -

JAERI-Conf

99-004

2.5. Continuous An(III)/Ln(IH) Separation with the aid of Centrifugal Extractors
An 8-stage miniature centrifugal extractor battery (two batteries with four stages each)
of the same design as installed at ITU, Karlsruhe, was acquired from INET Beijing,
China. A first continuous extraction test was carried out for An(III)/Ln(ni) separation at
0.5 mol/L HNO3. The aim of this experiment was to determine in the first place the
efficiency and hydraulic properties of the centrifugal extractors. At the same time,
however, we expected that the extraction kinetics, especially of Am(III) (see Table 5),
would exert a great influence on the process parameters initially determined empirically.
On the basis of the results so far obtained, a flowsheet was proposed by P. Baron, CEA,
France, which is shown in Figure 4.

Solvent:
0.5M(ClPh) 2 PSSH
+ 0.25 M TOPO
in tert. butylbenzene
Spent solvent

T

t

35mUh

1

1

Extraction

4

5

Scrubbing

4

1'
u

Ln(II

50mUh

9

8

lOmlVh

'

1

Stripping

12
4k

14ml7h

An(II

Feed:

Scrub:

Strip:

An/Ln Simulate
HNO3 = 0.5 M.

HNO3=1.0M

HNO3 = 3.0M

Fig 4. Flowsheet of the counter-current test with centrifugal-contactors for the An(III)/Ln(III) separation.

Table 6 shows the composition of the feed solution. The extraction scheme contains
eight stages for extraction + scrubbing and four stages for stripping. Since only eight
stages were available, however, the loaded organic phase coming from stage 8 was
collected and stripping was carried out with four steps in a subsequent second test after
previous cleaning of the extraction battery. The attainment of the steady state (after
approx. 3 h) was checked by sampling at the outlets (raffinate stage 1, product stage 8).
Subsequently, the samples were taken, the organic phase was separated from the aqueous
phase by centrifuging, and aliquots were first measured with the aid of gamma
spectrometry.
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Table 6: Composition of the simulated An(III)/Ln(III) feed solutions generated from DIAMEX process.
The HNO3 concentration was 0.5 Mol/L

Element

Am
Cm
Y
La
Ce
Pr
Nd
Sm
Eu

concentration
g/L

0.235
0.787
1.535
0.722
2.627
0.517
0.0975
0.0725

Gd

Activity
Bq/mL
Am-241, 1850
Cm-244, 500

y-Activity
Cps/mL
148.912

Ce-139, 2500

75.719

Eu-152,1850
Gd-153, 1850

81.638
46.377

The following main results were obtained and are summarized in Table 7. The mass
balances for Am-241, Eu-152, Gd-153 and Ce-139 were good for the extraction and
scrubbing part (100 -103 %), less satisfactory for the stripping part (67-81 %). The
decontamination factor DF(Am)raf/feed was 28.2. In the case of Am(III)/Ln(nr) separation
the DFs in column 6 of Table 3 were obtained, which increase in the order Ce < Eu < Gd.
As was to be expected, the extraction efficiency obtained with the aid of the centrifugal
extractors was not good. The distribution ratios of Am-241 determined in stages 1 and 8,
for example, were clearly (by a factor of 3-4) below those obtained in batch
experiments. This reflects the influence of the slow extraction kinetics of Am(III). In
contrast, the extraction kinetics of the lanthanides is clearly better.
The concentration profiles of the y-active radionuclides Am-241, Eu-152, Gd-153 and
Ce-139 are shown in Figures 5 and 6. The experiment remains to be complemented by
the a-analyses for the determination of the Cm concentration profiles and the ICP-MS
analyses for quantifying the inactive lanthanides. Moreover, the H+ concentration profile
remains to be determined. Based on the results obtained here, further experiments are
planned for An(ITJ)/Ln(III) separation in the centrifugal extractors.
Table 7: Distribution ratios, mass balance and decontamination
scrubbing stages obtained in the counter-current test.

Element

Am
Ce
Eu
Gd

DM(IH)

DM(in)

stage 1

stage 8
2.153
0.144
0.134
0.119

2.88
0.293
0.208
0.164

extract (%)
stage 8
99.35
4.20
2.32
1.49
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1000

- - O -

- Am-241 org

- -a- —A—

Bu-152 org

-Gd-153 org

- - O - -Ce-139 org

—•- — Am-241 aq
—•- — Eu-152 aq
—*- — Gd-153 aq
—•- — Ce-139 aq
3

4

5

stage number

Fig. 5.

Concentration profile of Am-241, Eu-152, Gd-153 and Ce-139 in the extractionscrubbing bank.
1000

0,001
10

11

12

stage number

Fig. 6.

Concentration profile of Am-241, Eu-152, Gd-153 and Ce-139 in the stripping bank.
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3. Conclusions
The results of this study show that actinide(III)/lanthanide(III) partitioning is possible
with high efficiency using the newly developed S-containing extractants. By variation of
the synergist and solvent it is now possible to carry out group separation at 1.0 mol/L
HNO3 with Am(III) distribution ratios > 1 and Am(III)/Ln(III) separation factors > 20.
The results of the continuous test clearly show that it will be possible in future to
successfully reprocess real An(DT)/Ln(in)-containing process solutions arising from
HLLW partitioning.
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COMPARATIVE STUDY OF SOME NITROGEN BEARING LIGANDS
FOR THE An(III) / Ln(III) SEPARATION BY LIQUID-LIQUID
EXTRACTION
P.Y. CORDIER*, C. RABBE*, N. FRANCOIS*, C. MADIC*, Z. KOLARIK**
* CEA-Valrho DCC/DRRV/SEMP, Marcoule, BP 171, 30207 Bagnols-sur-Ceze, France
** Forschungszentrum Karlsruhe (FZK), 1NE, P.O. Box 3640, 76021 Karlsruhe, Germany

Abstract:
To perform the selective extraction of trivalent actinides over trivalent lanthanides from
aqueous nitric acid solutions (up to 1 mol/L), different nitrogen bearing ligands were tested :
2,2':6',2"-terpyridine (Tpy), 2,4,6-tri-(pyrid-2-yl)-l,3,5-triazine (TPTZ) and 2,6-bis-(5,6-di-npropyl-l,2,4-triazin-3-yl)-pyridine («Pr-BTP). Although these molecules are very similar in
their formula (potentially planar terdendate M(III) binding site), their performances are very
different, rcPr-BTP being far better than Tpy and TPTZ for M(III) extraction and Am(m) /
Eu(III) separation at high acidity (up to 1 mol/L HNO3).
This difference was linked to the affinities of these molecules versus M(III) and H* (pKa). It
was then found that the minimum value of the electrostatic potential generated by ab-initio
calculations in vacuo can be linked to the pKa value of these molecules. Thus, there might be
a possibility in case of M(III) / H* competition for the extraction by a set of similar ligands
that ab-initio calculus give an indication of the extraction and An(ffl) / Ln(III) separation
potentials of these molecules at high acidities.

Introduction t
The separation of trivalent actinides, americium and curium, from actinides and
lanthanides mixtures is an important step in an advanced partitioning process for wastes
issued from the reprocessing of spent nuclear fuel. The requirements of such a partitioning
process, as seen nowadays, are as follows :
•
•
•

Selective extraction of the An(III) (the less abundant),
Extraction from acidic aqueous solutions (at least 1 mol/L),
No generation of secondary wastes (if possible, use of potentially completely
disposable molecules, composed of C, H, O and N, thus fulfilling the so-called
CHON principle).

To achieve this separation, the use of soft donor (N) complexants and/or extractants is
a potential way [1,2]. hi this paper, we thus determine the potentialities of several extractants,
namely Tpy, TPTZ and «Pr-BTP, to extract selectively Am(III) over Eu(III), alone or in
synergistic systems if their affinity towards the metallic cation is too low. We then try to
understand the difference of performances for these different systems.

Experimental :
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Chemicals :
Acid, (HA) : a-bromodecanoic acid (98 % purity) was from FLUKA.
Nitrogen polydendate ligands, (L): TPTZ and Tpy were ALDRICH analytical grade
reagents, and used as received. «Pr-BTP was kindly provided by Dr. KOLARIK, and its purity
checked by NMR, and found to be over 98%.
Diluent: Hydrogenated Tetrapropene (TPH) from PROCHROM (Champignols, 54,
France), and rc-Octanol from Merck were used.
M(III) extraction procedure and determination of complexation constants :
Extractions of Am(III) and Eu(III) at tracer levels were performed using 241Am and
152
Eu (y counting at 59.54 keV and 121.78 keV for 24I Am and I52Eu, respectively). Organic
and aqueous phases were mixed for 30 minutes at 22°C. Distribution ratio DM were calculated
according to the equation DM = [Activity]org. / [Activity]aq. ; [Activity]org. and [Activity]aq.
being the radioactivity (in counts Is.) of Am or Eu at equilibrium for equal volumes of
organic and aqueous phases, respectively. Separation factor SFAIWEU were calculated as
DAITI/DEU ratio for the same experimental conditions.
The determination of the complexation constants were carried out using UV-visible
specrophotometry. Different solutions containing the same initial concentration of ligand and
increasing concentrations of HCl (or MCI3) are realized. The ionic strength is kept constant at
1 = 1 through addition of LiCl salt. The modifications of the ligand spectrum, namely the UV
bands at 220 and 270 nm are recorded. The experimental spectra are fitted with theoretical
ones, using a non linear regression method (Partial Least Squares or PLS), on a wide range of
wavelength (usually 100 nm, including the two regions of interest (220 and 270 nm)). The
fitting parameter is the protonation constant (or the complexation constant in case of M(III)
complexation). The fitted theoretical spectra thus give the values of these constants.
Results and discussion :
Molecules:
The Table 1 presents the molecules used within this study:
Name

Acronym
Tpy

2,2':6',2"-terpyridine
TPTZ
2,4,6-tri-(pyrid-2-yl)-l ,3,5triazine
«Pr-BTP
2,6-bis-(5,6-di-n-propyl1,2,4-triazin-3-yl)-pyridine

Table 1 : Nitrogen hearing ligands used in this study
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From Table 1, we can point out many similarities in these ligands, such as
•
•

Ligands composed of pyridine and triazine rings,
Potential M(III) terdendate binding site.

M(III) extraction:
The Fig. 1 presents some typical results obtained for M(III) extraction by these
systems. These systems have been studied a lot recently, for their potential ability to extract
selectively Am(III) over Ln(III) from aqueous solutions of low pH [3-6].

1000-.

1E-3

^

(mol/L)

Figure 1 : Extraction of Am(III) and Eu(III) by TPTZ / Tpy in a synergistic system
Ore. Phase.: [L] = 0.1 mol/L, faBrCw] = 1 mol/L, TPH
Aq. Phase : [HNO3J = variable, room temperature

The synergistic extraction of M(III) (= M) by TPTZ or Tpy (= L) and otBrCio mixtures
have been already studied, as mentioned before. The global formula for the extraction system
was determined to be :
y).HaBrC10 <-> M(L)z(aBrC10)x(HaBrC10)v3+ +x.H +

(1)

These studies have outlined different phenomena about this extraction system, which can
explain the extraction and separation curves presented above :
* At low pH (below pH = 1), the TPTZ becomes soluble in aqueous phase, and there is
a decrease in the extraction performances. This phenomenon is more important in the case of
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Tpy. This is shown by the steep decrease of the DM(III) VS HNO3 curve for Tpy for [HNO3] >
0.1 mol/L.
* the slope of (-3) for the log(DM(iii)) vs log([HNC>3]) indicates that for the reaction (1)
three protons are exchanged.
The Table 2 gives some data concerning extraction by nPr-BTP.
[HNO3]
mol/L
1
2

DAm(III)

SFAITI/EU

0.9
0.7

120
118

Table 2 : Extraction of AmfTTT) and Eu(Tm by wPr-BTP

DTP Phase : [nPr-BTP] = 0.01 mol/L, TPH/n-Octanol (80/20)
Aq. Phase : [HNO3J = variable, room temperature

by volume

These results are preliminary ones, and the mechanism of extraction is not known
the moment. Nonetheless, the results shown in Table 2 are the best ones ever obtained
Am(III) extraction and am(III) / Eu(III) separation from high acidity aqueous solutions
nitrogen bearing ligands.
The main characteristics of the extraction for Tpy, TPTZ and wPr-BTP can
summarized in the Table 3 below :
Molecule

SFAITI/EU

DAm(III)

Synergist required

=1

[HNO3]aq.
(mol/L)
0.1

Tpy, TPTZ

«10

wPr-BTP

>100

«1

1

NO

for
for
by
be

YES (aBrC,o)

Table. 3 : Comparison of M(TTT) extraction by different systems

It is important to understand why there are so important differences for so similar
molecules. That's why we were interested in the complexation behavior of these molecules.

M(III) complexation :
The complexation constants of Tpy, TPTZ and wPr-BTP with H* and M(III) (M = Eu)
were determined. Some values for TPTZ and Tpy are available in the literature [4, 7 - 9 ] , but
for different media and determined with different techniques, which prevents a good
comparison between the data.
We determined the protonation constants and the complexation constants, in a mixed
media (75 % MeOH / 25 % H2O) for solubility reasons, and the ionic strength was kept equal
to I = 1 by adding LiCl salt. In the processing of the data, we noticed a very low complexation
of Li+ by our ligands. But this didn't seem to affect the value of the complexation constants
determined so far. For the moment, we only have partial results, shown in Table 4 :
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Solvent medium CH3OH/H2O (76/24),
I - 1 mol.I/ 1 (LiCl), 25°C
Complexation
Selectivity
Acidity
3+
Eu3+/H+
constants constants with Eu
pH=0 pH=l
pK, pK2
logpl(Eu)
3,6 2,9
2,4
-4,1
-2,1

Tpy
TPTZ

2,3

0,9

2,9

-0,3

1,7

nPr-BTP

~1

/

/

/

/

Table 4 : Complexation and protonation constants for different molecules
For Tpy and TPTZ, the complexation constants with Eu(III) are quite similar. On the
opposite, TPTZ exhibits lower pKa than Tpy. This can be linked to the better extraction
performances of TPTZ over Tpy at low pH (see Fig. 1).
The selectivity (S), as expressed in Table 4 is the relative affinity of the ligand for
M(III) in presence of both M(III) and IT1". It is based on the fact that there is a direct
competition for the binding site between H+ and M(III). We assumed that if the molecule is
protonated, then it can not bind the metallic cation. This is obvious for Tpy, and generally
acknowledged for TPTZ. For nPr-BTP, it might be possible that the molecule be protonated
and complexed at the same time. The selectivity value can be defined, for low pH as :
S = log p,(Eu) - (pK, + pK2) - 2*pH

(2)

If S is a positive value, then, there will be a preferential complexation over
protonation. If S is negative, then the protonation will occurs preferentially to the M(III)
complexation. Table 4 shows that the M(III) complexation is only possible for TPTZ, above
pH = 1, which is in agreement with the extraction data.
And last, nPr-BTP exhibits very low pKas, the second one being so low that it was not
found during this study. Since we saw no modification on the spectra up to 1 mol/L HNO3, we
can assume that pK2 value is below zero. This can be the explanation for the high affinity of
nPr-BTP for M(III) at high acidity. Of course, more M(III) complexation data is needed before
any definitive conclusion can be proposed.
It seemed thus that the pKa value of the extractant is a key parameter in this case of
M(III) extraction at high acidity. We thus tried to link this simple experimental value to an
ab-initio calculation conducted on these ligands.

Ah-initio calculations :
The aim of this work was to find an ab-initio calculated parameter able to reproduce
acido-basic scale for organic molecules.
We have first worked on heterocyclic molecules with nitrogen donor atoms in order to
be close to molecules of interest in the laboratory.
The geometries of these heterocycles were optimized using Gaussian94 [10] software
with a 6-31G* basis set. During this calculation, some properties of the molecules were
-
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computed, amongst them the Mulliken atomic charges. For each molecule, the electrostatic
potential (ESP) values were then computed over a grid of points surrounding the molecules,
for the same optimal geometry than calculated before.
We checked first a possible relationship between the calculated Mulliken charges and
the experimental pKa values, but there was no agreement. Table 5 shows the calculated values
of the electrostatic potential for our set of molecules and the experimental pKa in water, taken
from the literature [11 - 13].

Molecule

Electrostatic
potential minima
(kcal/mol)

5.25

2.3

1.3

0.65

<1

-68.65

-69.45

-61.69

-56.76

-60.95

Table 5 : Relationship between nitrogen heterocycles pK a and the electrostatic potential
(ESP) minimum calculated by quantum chemistry

The electrostatic potential renders charge distribution from the point of view of the
approaching reagent. Regions of negative potential indicate areas of excess negative charges.
For all molecules, these regions are located close to nitrogen atoms. The more negative the
electrostatic potential, the more basic should be the substrate. That is the trend observed in
Table 5 : the basicity of the heterocycles increases while the minimum of electrostatic
potential becomes more negative. There seems to be a correlation between the ESP minima
and the pKa value.
The next step was the calculation of ESP minima for our extractants Tpy, TPTZ and
BTP. Table 6 shows the minimum of the ESP calculated for three ligands used for
An(III)/Ln(III) separation. A range of values is given for the bis-triazine-pyridine (BTP)
because the complexing conformation is not yet known.
Molecule

Tpy

TPTZ

rtPr-BTP

pKa

3.6/2.9

2.3/0.9

~1

Electrostatic
potential minima
(kcal/mol)

-95.8

-85.3

-74.1 to-82.1

Table 6 : Electrostatic potential (ESP) minimum (kcal/mol) calculated by quantum chemistry
for ligands used for An(III)/Ln(III) separation
As in Table 5, we can see a clear correlation between the ESP minima and the pKa
experimental values. It is then possible to link the potential M(III) extraction at high acidity to
an ab-initio calculated parameter, through the pKa value.
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Conclusion :
This study has shown that under certain conditions (similar set of molecules, M(III) /
H+ competition for the extraction - complexation by the ligand), the electrostatic potential of
an extracting molecule, which is an ab-initio calculated value, could be a good index of its
potential M(III) extraction capacity at high acidity. It could be interesting to check the validity
of the relationships on a more extended set of molecules.
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STUDY ON Am/Eu EXTRACTION AND SEPARATION
WITH ACID EXTRACTANT AND TPTZ
K. NOMURA, M. OZAWA, Y. TANAKA
Japan Nuclear Cycle Development Institute (JNC), Tokai Works
319-1194 Tokai-mura, Ibaraki-ken, Japan
P. BARON and C. MADIC
French Atomic Energy Commission (CEA), Fuel Cycle Division
B .P. 171 - 30207 Bagnols sur Ceze, France
1. Introduction
Many chemical separation processes of Am and Cm from the nuclear waste generated by
spent fuel reprocessing have been studied by many workers. However, the selective extraction
of trivalent minor actinides (MA) from lanthanides (Ln), which is mostly applied after trivalent
MA-Ln co-extraction process (ex. TRUEX process, DIAMEX process, ...), is still one of the
most difficult separation procedures in chemistry. The chemical similarity of these elements
makes it difficult to separate these metal ions.
Certainly, the actinide (An) and lanthanide elements exhibit uniformity in ionic types and
often show similar chemical behavior0 \ The oxidation states of Ln elements and Am, Cm are
stable at the tripositive state, at which their electron configurations are Af and 5f, 5f7,
respectively. Although these metal ions are considered to be hard acid, MA(JH) are slightly less
harder than Ln(IU). That is, since the principal quantum number, which specifies the
delocalization of the electron around the nucleus, of An (= 5) is greater than that of Ln (= 4), 5f
cloud electrons of An expand more around the nucleus than the 4f electrons of Ln.
Consequently, MA(UI) tend to make slight covalent bonding better than Ln(III). Ligands
containing soft donors are known to preferentially complex with MA(UI) rather than Ln(IJJ).
That can be explained by a greater complex stability (metal-ligand partial covalent bonding)
between the MA(HJ) and the soft donor ligands due to the characteristic described above.
Taking notice of this property, 2,4,6-tri-(2-pyridyl)-l,3,5-triazine (TPTZ) has been
actively studied at CEA as an attractive MA(ni)/Ln(in) separation reagent(2)(3). On the other
hand, JNC (formerly PNC: Power reactor and Nuclear fuel development Corporation) has
investigated various reagents for MA(III)/Ln separation based on the liquid - liquid extraction
method(4){5) and paid attention to soft donor ligands. JNC and CEA have put in the technical
cooperation with regard to the MA(UJ)/Ln separation study for these several years and some
experiments have been partially cooperated with the use of soft donor ligands such as CYANEX
301 (6) and TPTZ, which were reported their noticeable performance by some researchers.
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This report introduces the basic performance of TPTZ and experimental results on the
extraction - separation of Am/Eu from HNO3 solutions with synergistic mixtures.

2. Experimental
The radionuclides 241Am (T1/2 = 432.2 [y]; main y- 59.5 [keV]) and 152Eu (T, /2 = 13.3 [y];
main y -122 [keV]) were obtained from stocks stored in CEA - ATALANTE. Acid extractants
and TPTZ were obtained from the followings:
•
•
•
•

aBr-C 10 (a-bromodecanoic acid), > 98 %, Fluka Chemika,
aCN-3MeCg (a-cyano-(5,7,7-trimethyl)-octanoic acid), Panchim,
TPTZ (tripyridyltriazine), > 99 %, Merck,
TPH (tetrapropylene hydrogenated), Prochrom.

Neutral extractants (tributyl phosphate: TBP, di(ethylhexyl)-dimethyl-butanamide: DOTA,
octyl-phenyl-N,N-di(i-butyl)-carbamoyl-methyl-phosphine oxide: CMPO, dimethyl-dibuthyltetradecyl-malonamide: DMDBTDMA) were used as obtained.
The extractions were carried out in stoppered micro tubes with equal volumes of the phases
(800 |iL / 800 |iL). They were shaken for 30 minutes at 22 °C, then centrifuged before the
samples were withdrawn.
The y activities of 241Am and I52Eu were obtained by integration of their peaks. The
distribution ratio, D, simply defined as the equilibrium ratio between the organic and aqueous
activity concentrations,
_ [activity concentration in organic phase]
u =
[activity concentration in aqueous phase]
has been measured by the results from y spectrum analysis.

3. Results and discussion
3. 1 Structure of TPTZ and its basic performance as Am/Eu separation reagent
TPTZ is a multidentate nitrogen donor ligand and a weak base, shown in Fig. 1. TPTZ
has three coordination sites. According to the number of N, they are called major (1), middle
(2) and minor (3), respectively.
TPTZ is known to be used as a color reaction reagent in the colorimetry of Fe(II). It
forms a purplish red chelate complex with Fe(II) in the range of pH from 3.4 to 5.8. TPTZ
also forms complexes with other metal such as cobalt, nickel, copper, and so on(7)l<8)(9).

JAERI-Conf

99-004
,2+

TPTZ makes a complex with Fe(II) in the form of [Fe(TPTZ)2] , and with lanthanides in the
form of [LnTPTZ]3+. In each case, metal ions are considered to be dominantly coordinated to
the site (1) in Fig. 1.

Fig. 1

2,4,6-tri-(2-pyridyl)-l,3,5-triazine(TPTZ)

Although it has been found that TPTZ forms complexes with trivalent metal ions,
preferentially with MA(III), TPTZ itself shows little extractability of trivalent actinides and
lanthanides. Because of the low solubility of TPTZ - MA(m) complex into low polarity
diluents, it is necessary to add lipophilic acidic extractants in order to increase the solubility
and form lipophilic neutral complexes.
Dinonylnaphthalenesurfonic acid (HDNNS) or oc-bromocapric acid (oc-BrClo) were used
so far with TPTZ as synergistic mixtures(3)(10). In this study, a-BrC 10 - TPTZ system was
confirmed to have a definite synergistic effect.
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Fig. 2 and Fig. 3 show the pH dependency of Am and Eu measured with a-BrC 10 TPH solution (Fig. 2) or a-BrC10 - TPTZ - TPH solution (Fig. 3). Both systems contained
the pH buffer (CH2CNCOOH/CH2CNCOONH4).
a-BrC 10 shows little Am selectivity to Eu, as shown in Fig. 2. Distribution ratios
increased with the increase of pH, since its extraction is cation exchange reaction between
trivalent metal and protons (because of the influence of the pH buffer added in the system, the
slopes obtained were not 3). However, their distribution ratios are about 1 at the most even
in low acidic medium (pH = 3). On the contrary, high distribution ratios are obtained in the
presence of TPTZ as may be seen from Fig. 3. Besides, considerable difference is occurring
between the distribution ratios of Am and Eu. This phenomenon is considered as synergism
and Am selectivity is due to the TPTZ coordination.

3. 2 Am/Eu separation by the mixture of a-cyano-(5,7,7-trimethyl)octanoic acid and TPTZ
a-cyano-(5,7,7-trimethyl)octanoic acid (a-CN3MeC8) has been recently used instead of
oc-BrClo in consideration of secondary waste. When oc-CN3MeC8 is used, addition of
modifier to the organic phase is recommended to prevent the formation of stable emulsions
which hardly disappeared even after a few hours of centrifugation. Tributyl phosphate (TBP)
is well known as a typical modifier. As indeed, it was found that this phase separation
problem could be solved by addition of only 1 % TBP. Moreover, TBP is compatible with
PUREX process which is considered to be the upstream step of the MA separation process.
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Fig. 4 shows pH dependency of Am and Eu distribution ratios obtained in 1.0 mol/L aCN3MeC8 - 0.1 mol/L TPTZ - 0.03 mol/L TBP in TPH system. Similar Am selectivity to
that with a-BrC 10 - TPTZ is in evidence, and that in lower pH range. As a result, Am
distribution ratio with 1.0 mol/L oc-CN3MeC8 - 0.1 mol/L TPTZ in the presence of TBP is
about 1 at about pH = 1.2 with the separation factor of Am to Eu about 8.
Monoamide extractants were developed as a substitute of TBP and was expected to
show the same effect as indicated in Fig. 4. This expectation was proved by Fig. 5. N,Ndi(ethyl-2-hexyl)dimethyl-2,2-butanamide (DOTA) was used and it is seen from Fig. 4 and
Fig. 5 that both behavior of Am and Eu is very similar. Stable emulsions was not observed
in the system DOTA used, either.
It was shown that good extractability and selectivity were obtained by using TBP or
DOTA as modifier in aCN-3MeC8 and TPTZ system with avoidance of stable emulsion
formation. Since M(IH) distribution ratio decreases with the decrease of pH, the optimum pH
for Am / Eu separation will become lower when M(HI) extractability is made higher with
keeping its Am selectivity. If a modifier plays a role on the extraction of Am in <xCN-3MeCg
- TPTZ system, Am distribution ratio might be affected by the change to any modifier other
than TBP.
Octyl-phenyl-N,N-di(i-butyl)-carbamoyl-methyl-phosphine oxide (CMPO),
known to be used in the TRUEX process, is superior to TBP in the extractability of M(m)
and it was investigated as modifier in ocCN-3MeCg and TPTZ system.
1.0 mol/L TBP, 0.2 mol/L CMPO and their mixture were added in 1.0 mol/L aCN3MeCg + 0.1 mol/L TPTZ in TPH. The aqueous solution was 0.13 mol/L HNO3
containing Am and Eu in tracer level. The result is shown in Tab. 1. Both distribution ratios
of Am and Eu with CMPO were higher than that with TBP, although the CMPO
concentration was lower than TBP concentration. Besides, both separation factors were
approximately the same. Therefore, the use of CMPO as a modifier makes M(]H)
extractability higher than that of TBP, with keeping Am /Eu selectivity. However, this effect
on increase of extractability seems to be not as much as expected. On the other hand, in the
case of these mixture (that is to say, TRUEX solvent), the distribution ratio of Am slightly
decreased and that of Eu increased. Since Am selectivity was almost lost, TPTZ seems not to
contribute in the extractied species.
Tab. 1

Comparison of effect of modifiers on extraction - separation of Am / Euwith ocCN-3MeCg and TPH

modifier
no modifier

1.0 mol/L TBP

0.2 mol/L CMPO

1.0' mol/L TBP +
mol/L CMPO

0.092

0.351

0.884

0.196

0.010

0.059

0.135

0.087

9.2

6.0

6.56

2.3

- 289 -

JAERI-Conf

99-004

The dependency on CMPO concentration for the Am / Eu extraction and separation was
investigated. The result is shown in Fig. 6. In the range of CMPO concentration from 0.01
to 0.1 mol/L, the higher CMPO concentration provided the increase of both Am and Eu
distribution ratios. With further increase of CMPO concentration (> 0.1 mol/L), the increase
of distribution ratios of Am and Eu became more important. Nevertheless, the Am / Eu
separation factor decreased and showed a downward curve in Fig. 6.

S.F. Am/Eu
-9
-8
10i _

-7
-6

GO

10°-5
-4

10 1 -

-3
10,-2.

2
0.01

0.1
[CMPO]org (mol/L)

1

Fig. 6 Extraction of Am3* and Eu* by a-CN3MeC8 - TPTZ, CMPO mixture
(1.0 mol/L a-CN3MeC, - 0.1 mol/L TPTZ - x mol/L CMPO vs. 0.13 mol/L HNO, system)

One possible explanation is the following. Am extraction reaction with acid extractant
HA and TPTZ can be expressed by:
Am3+ + 3HA + TPTZ <-> AmA,TPTZ + 3H+.

(1)

Since the Am / Eu separation factor decreases, TPTZ may not contribute in the extracted
species. Namely, TPTZ in the extracted complex may be replaced with CMPO:
AmA3TPTZ + mCMPO <-» AmA3mCMP0 + TPTZ.

(2)

Consequently, there may exist at least three types of extracted complexes in the system:
-
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AmA3TPTZ, AmA3mCMP0, Am(NO3)33CMPO.
Am distribution ratio with TRUEX solvent from 0.1 mol/L HNO3 is higher than that in Tab.
1 and Fig. 6. Therefore, the complex Am(NO3)33CMPO may be a minor component in this
experiment.
Am/Eu extraction experiment was carried out by a TPH solution of 1.0 mol/L aCN-3MeC8 0.1 mol/L TPTZ - 0.2 mol/L CMPO, which seems to be an optimal condition for Am
separation according to the result obtained (Fig. 6), from the aqueous solution having various
acidity, from 0.01 to 0.5 mol/L HNO3 without buffer. The extraction data of Am and Eu are
shown in Fig. 7.
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Fig. 7 Extraction of Am** andEu5* by 1.0 mol/L a-CN3MeC8 - 0.1 mol/L TPTZ
(Dependency of HNO3 concentration)

It may be seen from this figure that the higher is the acidity, the lower the distribution
ratio is obtained. This tendency shows that this extraction is mainly due to a-CN3MeCg, and
AmA3TPTZ (and, perhaps, AmA3mCMP0) could be said more important than
Am(NO3)33CMPO.
The known data obtained in the system containing dimethyl-dibuthyl-tetradecylmalonamide (DMDBTDMA) is also plotted in Fig. 7. Compared with this data, the
distribution ratio in the CMPO system are lower than that in the DMDBTDMA system. The
higher concentration of DMDBTDMA than that of CMPO is one of the reason. However, it
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is not agreeable to raise the concentration of CMPO at more than 0.2 mol/L from the
viewpoint of Am / Eu selectivity (Fig. 6). Both Eu distribution ratios in 0.5 mol/L CMPO
system and 0.5 mol/L DMDBTDMA system seems to become into line. On the other hand,
Am distribution ratio in 0.5 mol/L CMPO system is lower than the line by which the trend of
Am distribution ratio in 0.5 mol/L DMDBTDMA is indicated. Thus, AmA3mDMDBTDMA is
supposed to be not so significant as AmA3mCMP0 mentioned above. The replacement from
TPTZ may occur with stronger base ligand. Anyhow, DMDBTDMA system shows better
performance of Am/ Eu extraction and separation at higher acidity condition than the CMPO
system.

5. Conclusions
It was found that phase separation problem in oc-CN3MeC8 - TPTZ system could be
improved by addition of modifier, such as TBP, DOTA, CMPO and DMDBTDMA. Besides,
good Am extractability and selectivity in a-CN3MeC8 - TPTZ system was obtained at higher
acidity than that in a-BrC 10 - TPTZ system. As a result, Am separation factor to Eu with the
mixture of 1.0 mol/L a-CN3MeC8 - 0.1 mol/L TPTZ - 0.2 mol/L CMPO in TPH was from 6 to
7 with Am distribution ratio more than 1. The compatibility is required when the upstream
process to the MA(IE)/Ln separation process is considered, but the DMDBTDMA system seems
to give better performance of Am / Eu extraction and separation at higher acidity condition than
the TBP or CMPO system in a sense.
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ABSTRACT
This paper discusses the Radium Institute's experience in the synthesis of crystalline
ceramics based on two groups of actinide host-phases:
1) Zircon/zirconia - (Zr,Ac)SiO4/(Zr,Ac)C>2, where Ac = Pu,Np,Am,Cm;
2) Garnet/perovskite - (Y,Gd,Ac)3(Al,Ga,Ac,..)5Oi2/(Y,Gd,Ac)(Al,Ga)O3.
The zircon/zirconia ceramic was suggested as an universal waste form for the
immobilization of TRU as well as weapon-grade Pu. Because the position of the
Russian Ministry of Atomic Energy (Minatom) does not consider weapons Pu as a
"waste", the Radium Institute proposed the use of the same ceramic (mainly monophase zirconia) as a Pu-fuel. The garnet/perovskite ceramic was suggested for the
immobilization of military TRU wastes of complex chemical composition. The
advantage of this ceramic is that Garnet and Perovskite host-phases can incorporate in
their lattices not only actinides, but also other elements including neutron absorbers in
a broad range of concentration and in different valence state.
Samples of zircon/zirconia ceramic were prepared by hot uniaxial pressing (at
temperature T=1300, 1400, 1500°C and pressure P=25 MPa) and sintering (at T=
1450,1490,1500,1600°C) methods using different types of initial precursor. Samples
of garnet/perovskite ceramic were synthesized by melting method at T=2000°C.
Ce,U,Gd were used as TRU simulants for both types of ceramic. One sample of
zircon/zirconia ceramic was doped with 10wt.% of Pu239.
Physico-chemical features of these ceramics are described. In conclusion we propose
that the pressureless technology based on sintering or melting methods be used for the
synthesis of ceramics for the immobilization of all types of TRU wastes.

INTRODUCTION
The V.G.Khlopin Radium Institute is the first Russian scientific establishment to
begin investigations of radioactivity phenomena since 1922. For a long time Institute
has been carrying out investigations on radioactive waste management which are
based on the Russian technology of high-level wastes (HLW) partitioning [1-3]. This
technology allows the retention vitrification as a method for handling the Cs-Sr
fraction of HLW and creates the conditions for more efficacious immobilization of
actinide (TRU) fraction using durable ceramics. There are also actinide-containing
wastes of complex chemical composition which were formed as a result of nuclear
weapons production in Russia and USA. Despite these wastes can not be converted
directly into ceramics the crystalline form is favorable for their immobilization too.
Since 1990, the Radium Institute has investigated different types of crystalline hostphases for immobilization of TRU and other long-lived radionuclides, using
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vitrification technology only for the treatment of Cs-Sr fraction of high-level
radioactive wastes (HLW) (Fig.l).

SPENT FUEL

REPROCESSING

crystalline ceramic

DISPOSAL IN DEEP GEOLOGICAL
FORMATIONS
Fig.l Simplified version of the V.G.Khlopin Radium Institute's approach to the
immobilization of HLW.
When we discovered and studied high-uranium zircon (Zr,U)SiO4 in Chernobyl "lava"
[6] , zircon was selected as a prospective host-phase. Zircon can incorporate
significant amounts of Pu and Np (perhaps, other actinides) in its lattice [7,8]. Later,
additional theoretical and experimental investigations confirmed zircon as one of the
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most durable host-phase for actinide immobilization, in particular, weapons-grade Pu
[9,11-13,15,16,20]. Moreover, it was found that amorphous zirconium hydrosilicate
(AZHS) used as precursor for zircon synthesis by the sol-gel method is also
chemically durable and has a stable natural analog "gel-zircon" [17,18]. Therefore, in
some cases, interim stabilization of TRU wastes can be achieved already at the stage
of precursor preparation. Another actinide host-phase, zirconia, ZrC>2, was selected by
the Radium Institute on the basis of published data [4,5] for the following reasons: a)
the zirconia structure allows incorporation of actinides of different valence state; b)
zirconia can be used for multiphase ceramic in combination with zircon [8,13,15,16]
and aluminates [10] or as a mono-phase zirconia ceramic [4,5,8,9,13,14] depending
on the aim of the ceramic application ; c) cubic zirconia can be stabilized by Pu
doping and it may be used not only for TRU ceramic waste form, but also for ceramic
nuclear fuel [4,13,14]; zircaloy cladding from reprocessed spent fuel is a large source
of Zr for zirconia ceramic synthesis. The third type of crystalline ceramic under
consideration at the Radium Institute is based on garnet/perovskite
(Y,Gd,..)3(Al,Ga,..)5Oi2/(Y,Gd,..)(Al,Ga)O3 system [21,22]. These ceramic hostphases would be useful for immobilization of actinide-containing wastes of complex
chemical composition. These wastes may contain (in wt.%): Pu - 30-88, U - 20; Am 5, Th - 5, and also Al, Ca, C, Cr, Ga, Cl, Fe, K, Na, Ni, Si, Sr, Ta, W, Zn in different
proportions [22]. The combination of garnet and perovskite incorporates into their
structures approximately all of the multivalent actinides and nearly all of the nonradioactive elements, thus avoiding the formation of separate actinide phases. An
additional attractive feature of garnet/perovskite ceramic is that it can be synthesized
by melting instead of hot pressing.
A summarized scheme of the Radium Institute's activity in the field of TRU waste
immobilization is shown in Fig.2. There are three types of crystalline ceramic under
consideration for three main sources of TRU - 1) TRU + (rare earths and Zr) fraction
after partitioning of HLW from reprocessing; 2) actinide-containing wastes from
nuclear weapons production; 3) weapons-grade Pu. It is necessary to note that at
present Russian Ministry of Atomic Energy (Minatom) does not consider weaponsgrade Pu as a "waste" and requires its immobilization as a nuclear fuel. Although,
Russia and the US have different goals for excess weapons Pu (fuel burning and
disposal as a waste), zirconia is a promising candidate for both application.
This paper discusses some results obtained from the synthesis and characterization of
two ceramics: zircon/zirconia and garnet/perovskite. To optimise future synthesis
technology, we concentrated our attention on pressureless methods: sintering and
melting. For comparison, some samples of zircon/zirconia ceramic were made by hot
pressing method.

EXPERIMENTAL
The main problem of synthesis of actinide-doped crystalline ceramic is providing total
actinide incorporation into the crystalline structure of host-phases. If melting is used
as a synthesis method, actinide incorporation generally does not depend on
homogeneity, particle size and other features of the initial precursor. This allowed us
to use just ball milled mixture of commercial powders: Y2O3, Gd2O3, CeO2, UO2,
Ga2O3, AI2O3 etc. for the garnet/perovskite ceramic synthesis by melting in the flame
of a hydrogen burner at temperature 1900-2000° C in air. Adding to this precursor 10
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wt.% of military waste simulant substituting partly for Y and Gd oxides, decreased
melting temperature to 1300°C [22].

TRANSMUTATION
(BURNING)

CERAMIC FUEL
ZIRCONIA

TRU- containing
wastes of
complex chemical
composition

Weapons

Pu

|ZIRCONIA|

ZIRCON/
ZIRCONIA

GARNET/
PEROVSKITE

CERAMIC WASTE FORM

±
? [DISPOSAL IN DEEP GEOLOGICAL]

I

FORMATIONS

J

Fig.2 General schedule of ceramic application for the immobilization of TRU wastes.
Avoiding unreacted actinide phases in the synthesis of zircon/zirconia ceramic by
sintering method was more difficult. In our experiments we tried to overcome this
problem using the following types of precursors:
• amorphous zirconium hydrosilicate (AZHS) doped with 10 wt.% of Me = Pu, U,
Ce, Gd. AZHS is obtained through the sol-gel method [18,20] which provides
complete homogeneity of the precursor on the molecular scale. In all cases the
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composition of solid gel (Fig.3) is characterized by excess zirconia with a final
stoichiometry of zircon (Zr,Me)SiO4, 80-95 wt.% and zirconia (Zr,Me)O2, 5-20
wt.%;
gg a mixture of commercial powders: Zrmetai, SiO2amorph» U3O8. Zr metal powder is was
chosen for its higher chemical reactivity in comparison with ZrO2 [7,8,13,16];
gg a mixture of commercial powder SiO2amorph and excess Ce-doped zirconia made as
a results of plasma calcination of co-precipitated Ce-Zr oxalates [19].
The Ce-doped AZHS precursor was hot pressed in the graphite die in air at pressure
P=25 MPa and temperatures T=1300, 1400, 1500° C for 1 hour. All precursors were
cold pressed and sintered in air at the following conditions :
- Ce-doped AZHS : T=1300,1400,1450,1500,1600°C, t=l hour;
- Gd-doped AZHS : T=1400,1500,1600°C, t=l hour;
- U-doped AZHS: T=1400,1500°C, t=l hour;
- Pu-doped AZHS: T=1490-1500°C, t=1.5 hour and 3hours 15 minutes in special
furnace located in glove-box (Fig.4);
- precursor based on Zr meta i: T=1500°C, t=l hour;
- precursor based on plasma calcined Ce-Zr oxalates (with 10 wt.% Ce contents): T=
1600-1620°C,t=lhour.
All samples were studied by XRD and ESEM methods, some samples of
zircon/zirconia ceramic were also examined by HRTEM.

RESULTS AND BRIEF DISCUSSION
Zircon/zirconia ceramic
Monolithic ceramic samples were obtained from all precursors except that based on
Zrmetai powder. Therefore, although the precursor based on Zrmetai was successfully
used for the synthesis of Ce-doped zircon/zirconia ceramic by hot uniaxial pressing
[16] its use for the ceramic synthesis under sintering method requires additional study
and improvement.
For the precursor based on Ce-doped AZHS, we found that zircon formation begins at
T=1300°C under hot pressing and at T=1400°C under sintering. An interval from
1500 to 1600°C is the optimal for complete yield of zircon and zirconia host-phases
synthesized by both methods. However, the highest Ce incorporation in zircon, which
correlates with increase of zircon cell parameters, was observed in the interval 14001500°C for the sintered samples. In all cases the density of the ceramic was less than
pure zircon (4.7 g/cm3), higher for hot pressed samples (3.9-4.4 g/cm3) in comparison
with sintered (3.7-3.9 g/cm3).
Complete yield of zircon and zirconia was not achieved for the ceramic obtained from
Gd-doped AZHS sintered over one hour at 1400,1500,1600°C. Approximately 10-12
wt.% unreacted silica in the form of quartz and crystobalite was identified in all
samples. No separate Gd-phases were found in the ceramic matrix.
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a)

Fig.3 Solidified U-doped gel for the synthesis of zircon/zirconia ceramic. Gel is
transparent and homogeneous, there are no inclusions or sediments in its matrix.
Removed from plastic battle (b) gel preserves its initial form.
-
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a)

Fig.4 High temperature (1500°C) furnace for the synthesis of Pu-doped ceramic
through sintering method: a) general view, b) furnace is open and 7 pellets of Pudoped zircon/zirconia ceramic could be seen on the Pt-foil support.
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Sintering of U-doped AZHS precursor at 1400 and 1500°C for one hour , also did not
provide complete yield of zircon/zirconia phases. U incorporation in zircon was low
based on the insignificant increase of zircon cell parameters. Separate U-oxide phases
(1-3 wt.%) were found in the ceramic matrix. This is attributed to the oxidation of U4"1"
toU*.
Therefore, results obtained from the ceramic synthesis using Ce,U,Gd-doped AZHS
precursors showed that Ce,U and Gd as TRU simulants behave quite differently.
Accurate EMPA was difficult due to the size of individual single phase (less 2 um).
However, the zirconia phase generally incorporated higher dopant amounts than
zircon. Individual zircon grains were inhomogeneous with respect to dopant
distribution. Non-uniform distribution of U isomorphous admixture is typical for
crystals of high-uranium zircon from Chernobyl "lava", even though they were formed
in silicate melt: U contents varied from 1-3 wt.% in the central parts of the zircon
crystals to 10-12 wt.% in the periphery and in some individual zones [6].
Taking into account the results obtained from the ceramic synthesis using Ce,U,Gddoped precursor, we decided to increase the sintering time for the Pu-doped AZHS
experiment. It was found that sintering at 1490-1500°C for 1.5 hour did not achieve
complete yield of zircon/zirconia host-phases. The ceramic had the following phases
(in wt.%): unreacted silica,crystobalite, (5-8); zircon (75), tetragonal zirconia (10);
monoclinic zirconia (1-2); unidentified cubic phase, possibly (Zro.sPuo^Ch (10). After
sintering at the same temperature for 3 hours 15 minutes the silica phase disappeared
and the yield of other phases was (in wt.%): zircon (80), tetragonal zirconia (15),
monoclinic zirconia (1-3) and (Zro.sPuo.5)02 (about 1-3). Longer sintering caused an
unexpected increase in zircon cell parameters from (a = 6.609, c = 5.984) to (a =
6.615, c = 5.990). This indicates increasing Pu incorporation in the zircon lattice.
Longer sintering times increased the ceramic density from 3.3 to 3.7 g/cm3. Small
grain size (less 2 um) of single phases in Pu-doped samples, made EPMA difficult.
However, Pu (in metal estimation) from 12.1 to 15.0 wt.% was measured in some
aggregates of zirconia.
A ceramic with 40-45 wt.% zircon and about 55-60 wt.% zirconia with a density 4.3
g/cm3 was obtained as a result of sintering (at T=1600-1620°C, 1 hour) a precursor
based on mixture of SiO2amoiph snd plasma calcined Ce-Zr oxalates (Fig.5a ). The Ce
admixture was distributed differently between two host-phases: zirconia contain 6-8
and zircon 3.5-4.5 wt.%.
Garnet/perovskite ceramic
Although different garnets YsAlsO^-YsGasOn-GdsAlsOn-GdsGasOn (YAG-YGGGAG-GGG) can form unlimited solid solutions with each other , it was found, that
they have different lattice capacity with respect to incorporation of Ce, U and other
elements. For example, in our experiments the highest Ce contents achieved for the
YAG was approximately 0.5 wt.% compared to 5-6 wt.% for GGG. The precursor of
YAG stoichiometry doped with 10 wt.% Ce substituting for Y, melts after 0.5-1.5
minutes in the flame of a hydrogen burner and transforms into garnet/perovskite
ceramic (Fig.5b). The precursor of GAG stoichiometry doped with 10 wt.% U
substituting for Gd, under the same conditions transforms into a perovskite
(Gd,U)A103 ceramic. In both cases perovskite incorporates higher amounts of
admixtures than garnet (in wt.%): Ce (11-26) and U (about 7). Also, we found that
some admixtures such as Sn,Ca,Cr in the initial precursor increased incorporation of
-
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actinides into the garnet lattice. Admixture of several wt.% Sn in the precursor
provides successful synthesis of U-doped GGG containing 4.0-5.5 wt.% U. Melting of
the same precursor but "Sn-free" gives us just "U-free" GGG with inclusions of Uoxide separated phase. The garnet phase obtained from the precursor of YAG-GGG
(ratio 1:1) stoichiometry doped with 10 wt.% of Pu-residue simulant [22] has nonuniform admixture distribution in its matrix. U is found only in (Ce,Cr)-rich areas but
not in Ce-rich zones. This indicates that U is incorporated into Al-Ga structural
positions while Ce substitutes at the Y-Gd positions.

b)
Fig.5 Backscattered electron SEM images of crystalline ceramics doped with Ce:
a) zircon/zirconia ceramic obtained from the precursor based on plasma-calcined
Zr-Ce oxalates, dark phase - zircon (Zr,Ce)SiO4, light one - zirconia (Zr,Ce)C>2;
b) gamet/perovskite ceramic obtained by melting in the flame of hydrogen burner,
dark phase - garnet (Y,Ce)3Al50i2, light one - perovskite (Y,Ce)A103.

CONCLUSIONS
The following conclusions can be drawn from these results:
1. Zircon/zirconia ceramic doped with TRU can be synthesized by sintering method
(at the interval T=1490-1620°C, in air) using different precursors while avoiding
-
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formation of separated TRU phases. Additional study of synthesis conditions is
required to provide higher density of final ceramic.
2. Zirconia, in comparison with zircon, incorporates higher amount of single Ce,Gd,U
or Pu admixtures, but total incorporation of multivalent actinides and rare-earths in
these host-phases can be accompanied by redistribution of tetravalent elements in
zircon and trivalent elements in zirconia lattices. Zircon which has the most
durable and well studied natural analogue can not be ignored as host-phase for Pu
andNp.
3. Synthesis of garnet/perovskite (aluminate-gallate) ceramic through melting
provides joint incorporation of multivalent actinides and other elements of different
valence state into the lattices of garnet and perovskite host-phases. The yield of
each host-phase as well as their lattice capacity depends on the waste composition
and waste amount added in the initial precursor. Complete incorporation of TRU
elements in the gamet/perovskite lattices avoiding formation of separate actinide
phases can be achieved by varying of the Al/Ga ratio in initial precursor and using
some admixtures such as Sn,Ca,Cr.
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Abstract
Phase stability and mechanical property of Np-doped Yttria-Stabilized Zirconia
(YSZ) form are of interest of this study. Firstly, the phase stability and effects of
sintering atmosphere on the crystalline structure of Np-doped YSZ form were evaluated
in comparison with Ce-doped YSZ form. For Ce-doped YSZ, the difference in sintering
atmosphere led to the difference in forming phases by reducing the dopant from Ce4* to
Ce3*. On the other hand, YSZ specimens containing Np up to 40 mol% formed only a
fluorite structure phase regardless of sintering atmosphere. Therefore, it was estimated
that YSZ form accommodated Np with a wide range and that it had an excellent phase
stability in both oxidizing and reducing atmospheres.
The obtained Hv, HK, E and Kic of YSZ form with dopants did not depend on the
kind and content of dopants, and on the sintering atmosphere. It was comfermed that
the mechanical properties studied in this section decline with increase of porosity. In
addition, the Np doped YSZ forms, the special concerns of this study, has either superior
or, at least, same grade of mechanical properties in comparison with borosilicate glass
and synroc.
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1. Introduction
Group partitioning process(1), an important concept for the management of
HLW, enable us to manage the groups of waste with suitable procedures for each.
Recent studies on the partitioning process indicate that the recoveries of transuranium
(TRU) elements such as Np, Pu, Am and Cm are all more than 99.9 %(2). These
partitioned TRU elements should be conditioned with special concern since their half
lives are extremely longer than the other groups of radio-nuclides.
Based on this, Yttria-stabilized zirconia (YSZ) with a fluorite structure has been
studied to apply to the partitioned TRU waste form. It is well known that this cubic
system is much better in chemical durability than the tetragonal and monoclinic
systems'3'.
Yttria-stabilized zirconia also forms solid solution with tri- and/or
tetra-valent TRU elements'4*61. In addition, zirconia is well known as a feasible resistant
material to a -decay damage'7'. A study of YSZ form with Ce and/or Nd dopants has
proved the excellent phase stability and chemical durability of the YSZ form'8', where the
phase stability means that the designed crystalline phase is able to form with simple
procedures and is able to contain the aimed nuclides with a wide range of concentration.
The phase stability of YSZ form, especially that under the different sintering
atmosphere, is a special concern of this study. The previous study of YSZ form to which
dopants with different valence were added showed a significant difference in the forming
phases'8'. In this study, firstly, the effects of the sintering atmosphere on the forming
phases due to the valence of dopant were investigated using Ce-doped YSZ specimens.
Secondly, the phase stability and effects of the sintering atmosphere on the crystalline
structure of Np-doped YSZ form were evaluated.
The fracture property of primary interest in nuclear waste forms is the fracture
toughness, KiC, since it is the most fundamental property characterizing the fracture
behaviour. It provides a measure of resistance to crack developement'9'. It should be
recognized that premature failure or fracture, due to a decrease in K]C, result in
increased surface area effective on leaching. In this study, the fracture foughness was
estimated via Vickers and Knoop indentation techniques. Indentation techniques not
only offer the possibility of a relatively easy and rapid procedure to determine the
fracture toughness of brittle materials, but also allow many measurements on a single
specimen.

2. Sample Preparation
Procedure of sample preparation is illustrated in Fig. 1. The Np solution ( Np in
nitric acid) was pipetted into A12O3 crucibles in which YSZ (TZ-8Y; Toso Co.Ltd,
Tokyo, Japan.) powder was prepared beforehand by weight according to designed
compositions. The compositions of Np-doped YSZ forms are listed in Table 1. The
names of samples are composed of content and kind of the dopant, and the sintering
atmosphere. Where OX and RE on the sample name indicate oxidizing and reducing
atmospheres in which the specimens were sintered. The mixtures were calcined under a
stream of air with a linear heating rate of 0.25 K/min. to 523 K, then of 5 K/min. to 1173
K, and at 1173 K for 1 hour, followed by mechanical mixing using a YSZ ball mill to
obtain fine powder mixtures of YSZ and Np dioxide110'. After this procedure, the
powder mixtures were pelletized at 130 MPa and sintered cither under streams of air
(oxidizing atmosphere) or of 3 % H2-Ar (reducing atmosphere) at 1773 K for 80 hours
-

308 -

JAERI-Conf 99-004

by an electric resistance furnace.
Samples with other dopants were prepared using the same procedure explained
above . As an example, the composition of Ce-doped YSZ specimens sintered under the
stream of 3 % H2-Ar is listed in Table 1.
3. Phase stability
3.1. X-Ray Diffraction Measurement
To investigate phase stability, crystalline phases in YSZ forms were identified by
X-ray diffraction (XRD) method. The pellets obtained after sintering were crushed and
sieved under 75 ju m for XRD measurement. The measurement was carried out using
RAD-IIC type (Rigaku Co.Ltd, Tokyo, Japan.) spectrometer with C u K a radiation in
air at room temperature. The spectrometer was operated at 40 kV and 40 mA. From
the results of XRD measurement, lattice parameters of phases formed in YSZ forms
were determined by Nelson-Riley method'11'.
For XRD measurement, in addition to Np-doped YSZ, Ce-doped YSZ specimens
sintered under the stream of 3 % H2-Ar were prepared to compare with the previously
studied Ce-doped YSZ specimens sintered under the stream of air, and with the
Np-doped YSZ samples.
3.2. Ce-doped YSZ form
In this section, the phase stability of Ce-doped YSZ form is discussed focusing
upon effects of the sintering atmosphere on the crystalline structure. Typical XRD
patterns of Ce-doped YSZ specimens previously and presently studied are shown in Fig.
2; (a)'8' and (b) are patterns of specimens sintered in oxidizing and reducing atmosphere,
respectively. Specimens sintered in oxidizing atmosphere (Fig. 2 (a)) formed only a
fluorite structure phase. Specimens sintered in reducing atmosphere also consisted only
a fluorite structure phase when the content of doped Ce was less than about 15 mol%.
However, when the content of Ce was over about 15 mol%, a pyrochlore structure phase
in addition to the fluorite structure phase formed in the specimens (Fig. 2(b)). The
pyrochlore structure containing Zr as a main constituent is a type of cubic structure
which is known having ideal composition of M2Zr2O7 (M: tri- and/or tetravalent
cations).
Altough these results show that Ce-doped YSZ formed fluorite phase in both
oxidizing and reducing atmospheres, the fluorite phases formed in two types of
atmospheres have a significant difference. Lattice parameters of the fluorite phases
obtained through XRD results are plotted as a function of content of Ce in Fig. 3. In the
case of oxidizing atmosphere, the lattice parameter enlarges in proportion to the content
of Ce. In the case of reducing atmosphere, the lattice parameter is in proportion to the
content of Ce, when the content is small enough for the specimens to form only the
fluorite structure phase. However, once the content of doped Ce exceeds the solubility
limit, YSZ does not accept Ce in its fluorite structure any more, so that the increase of
the lattice parameter of the fluorite phase completes; specimen starts forming the
additional pyrochlore structure phase. It is noticeable that the slope of lattice parameter
of the specimens sintered in the oxidizing atmosphere is larger than that in the reducing
atmosphere. The relationships between lattice parameters and Ce contents are
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expressed by following equations:
a = 0.514 + 0.000292 m
a = 0.514 + 0.000402 m

(nm)
(nm)

(m < 15)

(1)
(2)

where, a and m respectively indicate lattice parameter in nm scale and Ce content in
mol% scale. Equation (1) is for the samples sintered in oxidizing atmosphere. Equation
(2) for that sintered in reducing atmosphere is estimated only for the region in which a
and m are in proportion (m < 15).
On the other hand, theoretical lattice parameters of YSZ with fluorite structure
are indicated as a function of Ce content in Fig. 4. To calculate these lattice parameters,
it was assumed that all ions are on an ideal fluorite lattice based on an ion-packing
model such as the method of Ingel and Lewis III'121. Then, the lattice parameter, d, of
fluorite-type cubic solid solution is expressed by equation (3).
{100-(A+B+C+

where, d0 is the lattice parameter; A, B and C are mol% of cation from dopants; RA, RB
and Re are their ionic radii; R o and R& represent ionic radii of O and Zr. When
trivalent ions such as Y are substituted for tetravalent Zr ions in YSZ, O2' vacancies are
introduced to the system for charge compensation. The ionic radii of the elements used
for this estimation are shown in Table 2 |U) .
Figure 4 clearly shows that the difference in ionic radii between tri- and
tetravalent Ce effects on the slopes of the lattice parameters. The relationships between
lattice parameter and Ce content are expressed by following equations:
a = 0.515 + 0.000304 m
a = 0.515 + 0.000403 m

(nm)
(nm)

(4)
(5)

where, a and m respectively indicate lattice parameter in nm scale and Ce content in
mol% scale. Equations (4) and (5) are respectively for YSZ with Ce4+ and Ce3+. From
Eq.s (1), (2), (4) and (5), it is apparent that the slopes of specimens sintered in oxidizing
and reducing atmospheres in Fig. 3 has a good agreement with those of YSZ with Ce4+
and Ce3+ in Fig. 4.
This difference in slopes, thus, imply that Ce in reducing atmosphere was
reduced from tctravalent to trivalcnt. These results are also consistent with the results
obtained by Hinatsu and Muromura' 4 6|. Most importantly, it was shown that the
difference in sintering atmosphere led to the difference in the forming phases by
reducing the valence of a dopant.
3.3. Np-doped YSZ form
As being indicated in Table 2, Ce and Np are similar in crystallographic
properties such as ionic radii. In addition, Ce-doped YSZ form has been studied as a
simulation of tetra-valent TRU nuclide doped YSZ form as being mentioned in the
former section"". It is assumed that Np in YSZ form would behave similarly to Ce in
YSZ form. In this section, the phase stability and effects of the sintering atmosphere on
the crystalline structure of Np-doped YSZ form were evaluated in comparison with the
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case of Ce-doped YSZ form.
XRD patterns of Np-doped YSZ forms obtained in the present work are shown in
Fig. 5; (a) and (b) are patterns of specimens sintered in oxidizing and reducing
atmosphere, respectively. The patterns clearly show that YSZ forms containing Np up
to 40 mol% formed only a fluorite structure phase, so that YSZ form accommodates Np
with a wide range. Therefore, it is estimated that Np-doped YSZ form has an excellent
phase stability in both oxidizing and reducing atmospheres.
For Ce-doped YSZ, the fluorite phases formed in two types of atmospheres were
different in lattice parameter because of the valence of Ce. The lattice parameters of the
obtained Np-doped fluorite phases were calculated through the results of XRD analysis.
They are plotted as a function of Np content in Fig. 6 with theoretical values for
comparison. The relationships between lattice parameter and Np content are expressed
by following equations:
a
a
a
a

= 0.514
= 0.514
= 0.515
= 0.515

+ 0.000265
+ 0.000265
+ 0.000304
+ 0.000403

m
m
m
m

(nm)
(nm)
(nm)
(nm)

(6)
(7)
(8)
(9)

where, a and m respectively indicate lattice parameter in nm scale and Np content in
mol% scale. Equations (6) and (7) are for the measured values; (6) and (7) are
respectively for the specimens sintered in oxidizing and reducing atmospheres.
Equations (8) and (9) are for the theoretical values; (8) and (9) are respectively for YSZ
with Np4+ and Np3+. The theoretical values were obtained by same procedure applied to
Ce-doped YSZ using equation (3) and values in Table 2; it was assumed that the
coordination number of Np4+ and Np3+ are 8 and 8, respectively. In both oxidizing and
reducing atmosphere, the lattice parameters enlarge in proportion to the Np content.
The slopes of the measured lattice parameters seems to be consistent with that of
theoretical value of YSZ with Np4+. The difference between them must be due to the
deviation in the content of Np. These results from XRD analysis imply that Np in YSZ
form exists as tetravalent even in reducing atmosphere of this study. Accordingly, it is
confirmed that the sintering atmosphere does not affects the forming phase in Np-doped
YSZ specimens, with regard to lattice parameter and valence of Np.
3.3 Oxygen Partial Pressures
Altough Ce and Np are similar in crystallographic properties, they behaved
differently in the reducing atmosphere of this study and led to the difference in the
forming phases. To investigate this difference between Ce and Np, a thermodynamical
propertie such as oxygen partial pressure of equilibrium is discussed in this section.
Figure 7 indicates oxygen partial pressures of equilibrium between; (a) CeO2 and
Ce2O3, (b) CeO2 and Ce, (c) NpO2 and Np. These are plotted as a function of inverse of
temperature. The oxygen partial pressures were calculated based on the free energy of
oxide formation reported on literatures'19'20>. The closed circles indicate the partial
oxygen pressure at which CeO2 and Ce2O3 are in equilibrium thermodynamically.
When the oxygen partial pressure of the atmosphere is lower than this border, CeO2
(Ce4+) is to be reduced to Ce2O3 (Ce3+); in case it is even lower than the border indicated
by closed squares, Ce2O3 (Ce3+) is to be reduced to Ce; in case it is in the region between
these two borders, thus, Ce4+ is to reduced to Ce3+, but not to Ce.
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In the preparation of YSZ samples under the reducing condition at 1773 K, Ce4+
was reduced to Ce3+ and Np4+ was not. It is appearant, from Fig. 7, that Np4+ is more
stable than Cc3+. The different behavior between Ce and Np in YSZ sintered in
reducing atmosphere is, therefore, because of their difference in thermodynamic
property. It is estimated that the oxygen partial pressure of the reducing condition of
present study is in the region indicated by arrows. The results obtained in this study are
summarized in Table 3.

4. Mechanical Property
4.1. Indentation testing
The fracture foughness was estimated via Vickers and Knoop indentation
techniques. Weber et al., estimated that the combination of Vickers and Knoop
indentations can yield values of K]c for brittle materials'16'. The deformation fracture
pattern for a Vickers and a Knoop indentations are indicated in Fig. 8. In Vickers
indentation, a load, L, produces a plastic impression with a characteristic diagonal of 2a,
and orthogonal radial cracks of characteristic length c. On the other hand, under a
load, L, a diamond impression with diagonal dimensions of a2 and b by Knoop
indevtation. The mathematical relationships among Vickers hardness (H v ), Knoop
hardness (HK), Young's modulus (E) and fracture toughness (Kic) are fallowings'17'18':
H v = 0.464 x L / a j 2
HK = 1451 x L / a 2
E = 0.45 x H v / (0.143 - b / a2)
KIC = 0.026 x V~E x V~L x ai x C "

(Pa)
(Pa)
(Pa)
(Pa/"m)

(10)
(11)
(12)
(13)

Porosity, P, i s well known as a very important factor to understand the
mechanical property of ceramics. It indicates the volume ratio of the pores in ceramics,
and is defined as following.
P = 100 - (Relative density)
= 100 - (Measured density / Theoretical density)

(%)

(14)

The mathematical relationships between porosity and mechanical properties are
expressed as followinfs based on Eq.(15) which is provided by Winnubst et al.(19).
E = Eo exp(d x P)
H v = (0.143 - b / a2) Eo exp(d x P) / 0.45
K,c = 0.026 x V~L x a, x C " x V~Eo exp(d x P / 2)

(15)
(16)
(17)

where, Eo is the Young's modulus when no pore exists in the material, and d, which is
usually negative, is inherent constant of the material. In this section, relationships
between porosity and mechanical properties are also investigated. In addition to Np
doped YSZ specimens, Ce-doped YSZ, Nd-doped YSZ, Ce+Nd doped YSZ and plain
YSZ specimens were tested.
The measurement was carried out based on
Indentation-Fracture method in JIS R 1607(17).
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4.2. H v , HK, E and Klc

The average values of the obtained indentation data are given in Table 4 and
Table 5. Table 4 indicates the data for the cold samples sintered in oxidizing
atmosphere. The dopants, Ce and Nd, are symbolized as C and N on the sample names,
respectively. The datas for the hot samples are indicated in Table 5. Cutler et al.
measured fracture toughness of cubic ZrO 2 (16 mol% YO1.5 doped YSZ sintered at 1873
K for 2 hours)(20). Although fracture toughness of YSZ obtained in this study differs
from that of them, Vickcrs hardness data obtained in this study are consistent with that
by Cutler et al.,. The reason of this must be the difference of the methods to estimate
fracture toughness.
In Fig. 9, H v , HK, E and KH obtained in this study are plotted as functions of
content of the dopants. It can be seen that the mechanical properties of Np-doped YSZ
are as good as those of Ce- and/or Nd-doped YSZ. It is also implied that Hv, HK, E and
Kic of YSZ form with dopants does not depend on the kind and content of dopants, and
on the sintering atmosphere. It is feasible, as a matrix for waste form, that YSZ form
does not change its mechanical prorerties drastically depending on the kind and content
of dopants. In Fig. 10, H v , HK, E and Kic of Np-doped YSZ with that of YSZ, are
plotted as functions of porosity. It can be seen that all the mechanical properties decline
with increase of porosity. In addition, the Np-doped YSZ forms, the special concerns of
this study, has either superior or same grade of mechanical prorerties in comparison
with borosilicate glass and synroc as can be seen in Fig. H(21-22).

5. Summary
It was shown that Ce-doped YSZ formed fluorite structure phase in oxidizing
condition due to tetravalent Ce dopant, and fluorite and pyrochlore structure phases in
reducing condition of this study due to trivalent Ce dopant. These results, showed that
the difference in sintering atmosphere led to the difference in the forming phases in
Ce-doped YSZ by reducing Ce4+ to Ce3+.
For Np-doped YSZ, the X-ray patterns clearly showed that YSZ specimens
containing Np up to 40 mol% formed only a fluorite structure phase regardless of the
sintering atmosphere, so that YSZ form accommodated Np with a wide range. Further,
the consideration of lattice parameter of fluorite structure phase revealed that Np in
YSZ form existed as Np4+ even in the reducing condition of this study, which was
different from Ce4+ in Ce-doped YSZ form. From these facts, it was estimated that
Np-doped YSZ form had an excellent phase stability in both oxidizing and reducing
atmospheres.
The obtained H v , HK, E and Kic of YSZ form with dopants did not depend on the
kind and content of dopants, and on the sintering atmosphere. It is feasible, as a matrix
for waste form, that YSZ form does not change its mechanical prorerties drastically
depending on the kind and content of dopants. It was comfermed that the mechanical
properties studied in this section decline with increase of porosity. In addition, the Np
doped YSZ forms, the special concerns of this study, has either superior or, at least,
same grade of mechanical properties in comparison with borosilicate glass and synroc.
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Table 1. Compositions of YSZ forms in mol%*
Matrix**

Matrix**

Matrix**

Sample

NpO2

YO I5

ZrO2

Sample

NpO2

YO 15

ZrO2

Sample

CeO2

YO.s

ZrO2

lONpOX

10
20
30

12.78

20NpOX
30NpOX

11.44
10.01

77.13
68.56
59.99

40NpOX

40

8.58

51.42

lONpRE
20NpRE
30NpRE
40NpRE

10
20
30
40

12.78
11.44
10.01
8.58

77.13

5CeRE

68.56
59.99
51.42

lOCeRE
15CeRE
20CeRE

4.56
9.16
13.81
18.5

13.65
12.99
12.33
11.66

81.79
77.85
73.87
69.85

23.23

10.98

65.79

25CeRE

*The compositions of constituents are indicated by contents of each cation in the total cations for each
sample.
**The ratio of YO1.5 and ZrO2 in matrix is constant; YO1.5: ZrO2 = 14.3 : 85.7.

Table 2. Ionic radii of the elements applied for this study'13'
Coordination
number
4
6
7
8

Ce*

Ce

Ionic radii (nm)
Np*
Np3

3+

Zr4

O2

0.138
0.087

0.101

0.097

0.107
0.114

0.087

0.101

0.098

0.114*

0.090
0.096
0.102

0.072
0.078
0.084

3+

* It was extrapolated using the value of Ce because of their similarity.
The data are from reference (13). Data with underline are applied as the ionic radii for
calculation of lattice parameter. The fraction of Zr4* with CN=7 is in proportion to content of
the vacancies introduced by aliovalent dopants.

Table 3. The results obtained in this Study
Dopant

Sintering atmosphere

Phases formed

Solubility range

Valence change

air

fluorite

~ 5 0 ~ (mol%)*

4+->4+

3%H2-Ar

fluorite
pyrochlore

~ 1 5 (mol%)

4+->3+

air

fluorite

~ 4 0 ~ (mol%)**

4+->4+

3%II2-Ar

pyrochlore

~ 4 0 ~ (mol%)**

4+->4+

Ce

Np

* It was confirmed that YSZ form accommodates Ce up to 50 niol%"\ and the solubility limit of Ce to
YSZ should be higher than 50 mol%.
** In this study, it was confirmed that YSZ form accommodates Np up to 40 mol%, and the solubility
limit of Np to YSZ should be higher than 40 mol%.
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Table 4. Vickers and Knoop indentation data of Ce, Nd, Ce+Nd doped YSZ

Sample*

Dopant
(mol%)

YSZ

(GPa)

E
(GPa)

K,c
(MPaV~m)

0.00

Hv
(GPa)
12.16 ±0.56

11.92 ±0.40

288.57 ±54.40

2.25 ±0.38

C-10
C-25
C-50

11.28
27.61
48.15

11.96 ±0.60
11.50±0.56
10.69 ±0.70

10.88 ±0.71
11.13±0.76
10.28 ±0.62

247.74 ±36.39
306.11 ±93.37
188.12 ±35.22

2.34 ±0.65
1.98±0.51
1.60 ±0.38

N-10
N-15
N-20

9.65
14.52
19.38

12.02 ±0.60
.12.22 ±0.52
11.44±0.41

10.88 ±0.70
11.09 ±0.46
9.94 ±0.35

166.26± 16.25
234.45 ±35.49
168.08 ±12.46

1.42 ±0.29
2.13 ±0.66
1.56 ±0.18

CN-10
CN-30
CN-50

9.36**
28.48**
48.16**

9.13 ±0.36
10.00 ±0.38
8.90 ±0.40

9.00 ±0.51
9.56 ±0.33
8.15±0.75

182.59 ±28.68
240.54 ±64.22
195.46±27.95

2.63 ±0.39
2.42 ±0.66
2.20 ±0.48

HK

* All the specimens were sintered in oxidizing atmosphere.
** Same contents of Ce and Nd were doped: e.g. 4.68 + 4.68 = 9.36 (mol %)

Table 5. Vickers and Knoop indentation data of Np doped YSZ

Sample
YSZ

10 OX
20 OX
30 OX
40 OX
10 RE
20 RE
30 RE
40 RE

Dopant*
(mol%)
0.00

12.16±0.56

10.00
20.00
30.00
40.00
10.00
20.00
30.00
40.00

9.70 ±0.73
11.94±0.53
10.73 ±0.25
11.14±0.57
5.71 ±0.54
11.41 ±0.44
9.86 ±0.62
10.46 ±0.36

Hv

HK

E

Kic

(GPa)

(GPa)
11.92 ±0.40

(GPa)
288.57 ±54.40

(MPaV'm)
2.25 ±0.38

8.99 ±0.25
10.42 ±0.32
9.73 ±0.36
10.33 ±0.57

165.98 ±17.07
211.49 ±25.04
177.24 ±18.50
197.97 ±16.18

1.76 ±0.19
1.74 ±0.27
1.47 ±0.26
1.59 ±0.68

5.25 ±0.43
10.04 ±0.47
9.06 ±0.32
9.69 ±0.56

223.07 ±56.64
191.01 ±14.41
166.65 ± 9.63
182.69±22.21

2.02 ±0.27
1.65 ±0.25
1.61 ±0.24
1.55 ±0.28
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Fig. 2. X-ray diffraction patterns of 20 mol% Ce-doped YSZ;
(a) sintered under the stream of air at 1773 K for 80 hours; (b)
sintered under the stream of 3 % H2-Ar at 1773 K for 80
hours.
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ACCELERATED DAMAGE STUDIES OF TITANATE CERAMICS CONTAINING
SIMULATED PW-4B AND JW-A WASTE
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INTRODUCTION

Ceramic waste forms are affected by radiation damage, primarily arising from a-decay processes
that can lead to volume expansion and amorphisation of the component crystalline phases. The
understanding of the extent and impact of these effects on the overall durability of the waste
forms is critical to the prediction of their long-term performance under repository conditions.
Since 1985 ANSTO and JAERI have carried out joint studies on the use of 244Cm to simulate
alpha-radiation damage in ceramic waste forms. These studies have focussed on Synroc
formulations doped with simulated PW-4b and JW-A wastes and 244Cm loadings of 0.0004 to ~ 1
wt%. At ANSTO, samples containing low levels of 244Cm (0.00004 to 0.04 wt %) were fabricated
to investigate the aqueous leaching behaviour of these elements. In a complementary study at
JAERI, comparable samples of Synroc were made with ~ 1 wt% of 244Cm to study accelerated
a-decay damage analogous to that experienced by waste forms over geological time scales.
EXPERIMENTAL
At both JAERI and ANSTO, the samples were prepared by hot-pressing in graphite dies. Detailed
information on the preparation of samples doped with simulated PW-4b waste with 0.91 wt% of
244
Cm prepared in the JAERI hot-cell facilities is given in Mitamura et al. [1994] and Banba and
Hart [1996]. The specialised techniques and equipment used in preparation of these samples is
documented by Amaya et al. [1986], Mitamura et al[\9%6] and Mitamura [1997]. Similar
information on samples prepared with simulated JW-A waste is given in Mitamura et al. [ 1990a]
and Mitamura et al. [1990b] for samples produced at JAERI and for samples produced at
ANSTO in Reeve et al. [1989].
Further studies were carried out on samples obtained by coring the Synroc blocks. These samples
were then split and polished before characterisation using a number of techniques including;
SEM, XRD, density measurements, calorimetry measurements and leaching studies (Banba and
Hart, 1996). Density measurements were made periodically using the water displacement method.
Leaching was carried out generally under MCC-1 conditions at 70 and 90 °C in deionised water.
Curium leach rates measured at JAERI are total leach rates based on y-spectrometry of the
leachant plus leach vessel; however, for low activity samples, a-spectrometry was used to
measure the activity in the solution and that stripped from the vessel walls. This latter technique
was also used at ANSTO. When analyses were carried out using a-spectrometry, the total leach
rate was obtained by adding the leach rates for solutions to those based on the activity associated
with the vessel walls (Hart et al., 1992). Leach rates of inactive elements were based on solution
analyses carried out by ICP/AES and ICP/MS.
A number of batches of 244Crn-doped material have been prepared, these are summarised in Table
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Table 1

Batches of

Description of Batch
JAERI-PW-4b

Cm-doped ceramics prepared at ANSTO and JAERI
Simulated waste type and loading

244

Cm loading (wt%)

10.9 wt%PW-4b waste

0.91

JAERI-JW-A

10.6 wt% of JW-A waste

0.69 wt%

JAERI-JW-A1

10.09 wt% of JW-A waste

0.031

JAERI-JW-A2

10.15 wt% of JW-A waste

0.049

JAERI-JW-A3

10.30 wt% of JW-A waste

0.098

JAERI-JW-A4

10.60 wt% of JW-A waste

0.195

JAERI-JW-A5

11.19 wt% of JW-A waste

0.387

12.62 wt% of JW-A waste

0.855

:

10wt%PW-4b waste

0.0004

ANSTO-CM11

1

10wt%PW-4b waste

0.004

ANSTO-CM12*

10wt%PW-4b waste

0.04

JAERI-JW-A6
ANSTO-CM10

1

99-004

These samples were fabricated at ANSTO and because of restrictions on the total activity that
could be handled in ANSTO's glove box facility they were smaller than samples made with trace
levels of actinides. However to carry out the full range of required experimental measurements 25
mL of leachant was still required. Consequently, the leaching was carried out at a surface area to
volume ratio 10 times smaller than that used previously.

EXPERIMENTAL RESULTS
XRD — X-ray diffraction studies were undertaken at JAERI on samples from the JAERI-PW-4b
and JAERI-JW-A batches (see Table 1). Figure 1 shows XRD patterns from a Cm-doped sample,
JAERI-PW-4b, that had accumulated a dose of 12.4 x 1017 a decays.g"1 (equivalent age, 16,000
yr), before and after annealing at 800 °C for 12 h in a graphite crucible. This heat-treatment was
assumed to anneal all of the radiation damage thereby leaving the sample in the as-fabricated
state. The X-ray patterns measured after annealing confirmed that the specimen consisted of the
usual, hollandite, perovskite, and zirconolite, plus a minor phase (based on previous work this
minor phase was most likely hibonite). Peak intensities of zirconolite and perovskite, relative to
that of the (13O)/(310) hollandite peak are less in the as-damaged condition than in the annealed
state. Samples of the curium-doped Synroc, JAERI-JW-A, were also examined using X-ray
diffractometry on damaged and annealed specimens. These samples showed the presence of
freudenbergite and loveringite in addition to hollandite, perovskite and zirconolite. Further,
comparison of the results for a sample that had accumulated an a-decay dose corresponding to
10,000 years of storage with the same material after annealing, indicated that the peak intensities
of the perovskite and zirconolite in the as-damaged sample are reduced far more than those of
hollandite and freudenbergite. The results obtained for both ceramics confirm that the short-range,
actinide recoil nuclei cause atomic disorder in their host phases and consequently phases that do
not contain actinide elements, like hollandite and freudenbergite are relatively unaffected by arecoil damage.
Density — Density measurements were carried out on all samples fabricated in the collaborative
program. The effect of a-decay damage is shown in Figure 2. For completeness additional
measurements made on single phase samples of zirconolite and perovskite are included
(Mitamura, 1997). The change in density for all samples, except that doped with JW-A waste,
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was linear. For this latter sample the decrease in density up to 5,000 years was linear, however,
beyond that point the decrease in density accelerated. This increase in the rate of density change
could be associated with the formation of micro-cracks which contributed to the greater rate of
reduction in density for this sample than that for the sample doped with PW-4b waste.
Two samples (2-cm-diameter x 1-cm-high cylinders) from the JAERI-PW-4b batch were cut and
annealed at 1000 °C for 2 h in a graphite crucible. After heat treatment, one sample was stored at
200 °C, and the other was stored at room temperature. The effect of a-decay damage on density
for these samples is shown in Figure 3. This figure shows that storage of the sample at 200 °C
reduced the volume expansion per unit a-dose by a factor of 2 compared to that of the sample
stored at room temperature.

"20

40

DEGREES 29

60

(CuKj

Figure 1 X-ray diffraction patterns from (a) annealed and (b) as-damaged Cm-doped, reference
Synroc containing simulated PW-4b waste. The sample had accumulated a dose of
12.4 x 1017 a decays g', before being annealed at 800 °C for 12 h.
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Leaching — Cm-doped Synroc samples, JAERl-PW-4b, that had accumulated different levels of
a-decay damage corresponding to equivalent ages of (a) 50, (b) 13,000, (c) 30,000 and (d)
113,000 years were leach tested. Figure 4 summarises the solution leach rates of inactive
elements with time. In all cases, the leach rates decrease quickly with time. The leach rates of
inactive elements diminish in the following order:
Mo> Ca~ Sr > Ba
The leaching behaviour of Cs is complicated. For specimens with an equivalent age of 50 years,
the leach rates of Cs and Ba are similar but for more damaged specimens the Cs leach rate is a
factor of between 2 and 29 higher than that of the 50 year sample (see Figure 4). The increase in
Ca and Sr leach rates is less marked and Mo and Ba leach rates do not vary significantly with
increasing a-damage. The increase in Ca and Sr leach rates occurs with increasing a-decay
damage to the perovskite phase. However, Cs and Ba are both incorporated in the hollandite
phase, which does not incorporate actinide elements. Therefore, it is possible that the enhanced
release of Cs over Ba from the more damaged specimens may be due to the exposure of fresh
intergranular phases rich in Cs.
Figure 5 shows the effect of time on the average total leach rates of 244Cm for the specimens with
equivalent ages of 50, 430, 13,000, 30,000 and 113,000 years. The leach rates do not change
significantly with increasing a-damage, and are instead apparently controlled more strongly by
the pH of the leachant [Banba and Hart, 1996].
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Comparison of total, normalised leach rates of 244Cm from reference Synroc
containing simulated PW-4b waste of different equivalent storage ages.

Figure 6 shows the leach rate of the inactive elements from Cm-doped Synroc, JAERI-JW-A, as
a function of equivalent Synroc age. The increase in leach rate with radiation damage is apparent
from the comparison of the leach rates of the indicator elements in the 140- and 33,000-year
samples. The leach rates of Na and Cs increased by a factor of 10 between these samples. On the
other hand, the leach rates of Sr and Ca increased by about a factor of 100 over the same
equivalent storage time. This larger increase appears to be the result of the deterioration of the
actinide-host phases due to a-recoil damage.
Average curium leach rates from the 12,000-, 33,000-year and 109,000 samples are lower than
those of the 140-year samples by factors of between 4 and 200 (see Figure 7). The reduction in
leach rate was associated with the increase in pH of the leachants as shown in Figure 8.
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Figure 6 Normalised leach rates, based on solution analyses, of inactive elements from
Cm-doped Synroc with leach time, (a), (b) (c) and (d) correspond to equivalent ages of
140, 12,000, 33,000 and 109,000 years. Error bars attached to the average indicate the
largest and smallest values among the three sets of replicate data.

JW-A
7

^

> s' ^

I,,

I
10-

—o—

140 yr
12000 yr

-•A-

33OOOyr

- • - -109000 yr
10"

10

20
30
40
LEACH TIME (days)

50
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Change in pH of leachate from curium-doped Synroc with leach time, (a), (b) (c) and
(d) correspond to equivalent ages of 140, 12,000, 33,000 and 109,000 years. Error
bars are as above.

Curium doping levels — Actinide doping has been used to accelerate a-decay damage on
Synroc. However, this level is by several orders of magnitude higher than that in Synroc
containing actual high level waste. As the Cm leach rate of low Cm-doping level (<0.04 wt%) at
ANSTO was ~100 times lower than that of the higher Cm-doping level (~1 wt%), see Figure 5,
additional studies were undertaken to clarify the effect of Cm-doping levels on the Cm leach rate.
This was investigated at JAERI using Cm-doped Synroc, JAERI-JW-A1 to JAERI-JW-A6, (see
Table 1). At ANSTO samples of Cm-doped Synroc, ANSTO-CM10, CM 11 and CM 12, were
fabricated and leach tested in deionised water. At JAERI this was done on duplicate samples and
at ANSTO on triplicate samples.
Figure 9 shows the dependence of density on Cm content (measured shortly after preparation
before significant radiation damage had been incurred) for JAERI-JW-A1 to JAERI-JW-A6. As
expected, the density increases linearly increases with the increase in Cm content. The measured
increase in density is 2.3 % a Cm content of 3 wt%.
Figure 10 shows the variation in the total Cm leach rate for each leach period as a function of the
Cm content of Cm-doped Synroc, JAERI-JW-A1 to JAERI-JW-A6. Roughly speaking, the
average Cm leach rate gradually increases with an increase in the Cm content and reaches ~10"3 g
m"2 day"1. This value is similar to previous results obtained for JAERI-JW-A Synroc (see Figure
5).
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The Cm leach rates from ANSTO-CM10, CM11 and CM 12 Synroc batches are shown in Figure
11. These results agree with those shown in Figures 7 and 10 obtained for JAERI-JW-A1 to
JAERI-JW-A6 Synroc in that at low levels of Cm-doping there is no effect of Cm-doping on the
total Cm leach rate. However, the leach rates for the ANSTO batches are higher than those
measured at JAERI reflecting the higher surface area to volume ratio used in the JAERI tests.
Measurements were also made, using ICP/MS, of the release of inactive elements from these
batches of Synroc. The results for Cs, Ba and Ti are shown in Figure 12. Overall, the leach rates
of the more soluble elements, Ba and Cs, show no effect of the lower surface area to volume ratio
at which these leaching tests were carried out. However, the leach rates of Ti (and Zr, which is
not shown) are higher in these tests than previously measured under MCC-1 conditions and
similar to those of Cm. The effect of Cm loading on the leach rate of the inactive elements is
most pronounced for Cs where the leach rate at the highest doping is consistently greater than for
the other dopings and is measured over longer periods of time. The leach rate of Ba is a factor of
about 10 higher in the initial leach period than for the other dopings but thereafter the leach rates
at all dopings are similar and within experimental variation. Titanium shows no systematic
variation in leach rates. These small increases in the more soluble inactive element leach rates are
not reflected by Cm leach rates. However, as shown in Figures 4, 5, 6 and 7, the leaching of
inactive elements is more sensitive to changes in durability than those of Cm which can be
masked by small changes in pH. The increase in the leach rates of the more soluble inactive
elements suggests that, at this level of Cm doping that there may be an effect, albeit small, of
curium doping on the durability of the matrix. Further measurements on samples containing
higher dopings of curium need to be carried out to further elucidate the possible mechanism
responsible for the change in durability.
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Natural Analogue Studies — Natural samples can be used to provide an insight into the longterm behaviour of individual Synroc phases over geological time. Accordingly, the stability,
crystal chemistry, radiation damage effects, and geochemical alteration of natural analogues of
Synroc phases, notably zirconolite, have been studied to provide information for long-term
modelling of Synroc behaviour in the repository environment. Zirconolite is of particular interest
because it is the phase in Synroc which incorporates most of the tetravalent actinide elements
[Lumpkin etai, 1995] and so it becomes of primary importance in revealing the effects of
a-decay damage on the retention of actinides in the waste form over the life of the repository
[Hart era/., 1996].
Previous work has shown that alpha-decay damage causes a crystalline to amorphous
transformation in natural zirconolite [Ewing and Headley, 1983; Lumpkin etal., 1986]. Results
are now available for samples ranging in age from 16 m.y. to 2 b.y. [Lumpkin et ah, 1994, 1997,
1998]. For young samples the transformation zone ranges from a dose of 0.05-0.1 x 1016 to 1-2 x
1016 a/mg (0.03-0.08 to 0.8-1.6 dpa). It has been established that relatively young natural
zirconolites become amorphous at a dose 2-4 times higher than synthetic samples doped with
238pu o r 244c m (e.g., Clinard et ah, 1984; Weber et ah, 1986) which is consistent with the longterm storage of natural samples in the Earth's crust at elevated temperatures [Lumpkin et ah,
1997].
Extensive searching has revealed evidence for the corrosion, alteration, or replacement of
zirconolite at only six localities. In two of these locations, the corrosion and replacement of
zirconolite occurred under unusually extreme conditions at temperatures above 500 °C in the
presence of a metasomatic or regional metamorphic aqueous fluid phase. In the four other cases
[Lumpkin etal. 1994; C.T. Williams, unpublished data], the alteration involves increased Si
and/or replacement by a silicate mineral phase. These observations point to the instability of
zirconolite in the presence of hydrothermal fluids rich in Si, however, zirconolite appears to be
highly resistant to aqueous alteration at low temperatures due to kinetic factors.
The study of the actinides in a range of samples has shown that, even in samples rendered
amorphous by radiation damage, there has not been any release of the actinide elements [Hart et
ah, 1996].
DISCUSSION AND CONCLUSIONS
The radiation damage studies reported in this work have established the relationship between
density change and irradiation levels for Synroc containing JW-A and PW-4b wastes. The storage
of samples at 200 °C halves the rate of decrease in the density of the samples compared to that
measured at room temperature. This effect is consistent with that found for natural samples where
the amorphisation of natural samples stored under crustal conditions is lower, by factors between
2 and 4, than that measured for samples from accelerated doping experiments stored at room
temperature.
Leaching studies have shown that radiation damage increases leach rates of inactive elements by
about an order of magnitude, for some elements the leach rates can be a further order of
magnitude higher. Additionally, based on the results of this work, we do not recommend the use
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of Cm leach rates to study the effect of doping on leach rates because the effect of doping can be
masked by small changes in pH.
Other results have shown that increasing the level of curium doping can lead to enhanced leach
rates from the ceramic waste forms. This evidence is preliminary and will be further refined in
studies of samples containing higher levels of Cm doping. The refinement of this mechanism for
enhancement of Cm leach rates may not appear to be particularly important for ceramic waste
forms containing HLW as the levels of short-lived actinides used in accelerated doping studies
are higher than those present in HLW. However, if ceramic waste forms are used for disposal of
weapons-grade Pu, and other actinide-rich waste schemes, then it will be necessary to understand
this mechanism for these waste forms with high levels of actinide doping. Further, radiation
damage effects and geochemical alteration will also be important issues for these types of waste
forms, e.g. Vance et al. [1995].
Overall, the results show that the use of accelerated doping tests are imperative to allow a full
description of the long-term performance of ceramic waste forms under repository conditions.
Importantly, the work confirms that accelerated testing provides conservative results for the
change in density of waste forms and the leach rates of samples doped with HLW. Further the
agreement between the results obtained for accelerated doping tests and data obtained from
natural samples allows confirmation of the viability of mechanisms being measured under
laboratory conditions. This confirmation importantly provides a basis for the extrapolation of
these data to provide long-term predictions of the durability of Synroc under repository
conditions.
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Abstract
Emanation Thermal Analysis (ETA) was used for the characterization of
thermal behavior of two nuclear waste glasses, basalt volcanic glass and perovskite
ceramics before and after hydrolytic treatment. The release of radon, formed by the
spontaneous a-decay of 228Th and 224Ra and incorporated into samples to a maximum
depth of 100 nm from the surface due to the recoil, was measured during heating of
the samples from 20 tol200°C and subsequent cooling. Temperatures of the annealing
of surface roughness, micro-cracks and other defects, produced by manufacture
and/or by subsequent treatment of glass and ceramic samples, were determined using
the ETA. Microstructure changes of glass corrosion accompanying their dehydration
and thermal decomposition were characterized by the radon release rate changes. The
effect of hydrolytic alteration on the thermal behavior of the nuclear waste glass was
revealed by ETA in an early corrosion stage. In the alteration product of the
perovskite ceramics the diffusion mobility of radon was assessed in the temperature
range 1000-1200°C. The thermal stability of radiation-induced defects in perovskite
ceramic powder bombarded by He+ ions to doses of 1014 and 1016 ions/cm2 was
determined by means of ETA.
1. Introduction
Chemical durability of high level radioactive waste (HLW) forms is an
important property to be used in the assessment of potential environmental risk of the
final HLW disposal. The characterization of this property under repository conditions
requires a detailed knowledge about the growth rate of an alteration layer and various
processes taking place in this layer. Therefore, leach testing [1,2] of the HLW forms
[3] has been extensively carried out to understand their corrosion mechanisms and
finally, to improve the prediction of their long-term chemical durability [3-12].
Since compositions of HLW borosilicate glasses are very complicated, their
aqueous corrosion involves various processes: surface hydration, build-up of an
altered layer, precipitation and crystallization of secondary phases, heavy element
retention, etc. [3]. These reactions alter the chemical composition of glass surfaces. It
has been demonstrated that an alteration layer rich in transition elements and heavy
metals developed on the surface of simulated HLW borosilicate glasses [13]. The
hydration appears to be the initial step controlling the progress in depth of glass
- 341 -

JAERI-Conf

99-004

corrosion through the thin (less than 100 nm) reaction zone situated between the
pristine glass and the altered layer [14]. In the ceramic waste forms hydrolytic
corrosion may lead to the formation of new crystalline phases, as for example titanium
dioxide in a MCC-1 test [1] on a perovskite ceramic.
For the purpose of direct comparison of the results obtained from leach testing
of the HLW waste forms, it is necessary to standardize test specimens and methods
[1,2]. For example defects caused by grinding and polishing of test specimens may
substantially influence the rate of the interaction of glass surfaces with liquids in early
stages of the alteration. Therefore, it is important to guarantee the quality of specimen
surfaces before leaching and characterize altered surfaces after leaching. The surface
quality may be assured by infrared spectroscopy, giving information about the average
chemical bonding on the surface. The enrichment of heavy elements in altered surface
layers can be characterized by Rutherford backscattering.
The aim of this paper is to present emanation thermal analysis [15,16] as a tool
to characterize microstructure of nuclear waste glasses and ceramics and their
corrosion alteration products.
2. Experimental
2.1. Methods
Emanation thermal analysis (ETA), scanning electron microscopy (SEM), and
X-ray diffraction (XRD) were used for the characterization of both glasses and
ceramics samples. The leaching characteristics of the waste forms were examined
according to the MCC-1 test method [1].
2.1.1. Emanation thermal analysis
ETA [15,16] consists of the measurement of radon release rate from previously
labeled samples. Atoms of radon 220Rn are formed by the spontaneous a-decay of
228
Th and 224Ra according to the following scheme:
a

,224Ra

a

„

a

2200 R n

The thorium nuclide Th used for labeling samples to be tested, has a suitable
half-life (1.9 years) long enough to serve as a quasi-permanent source of radon Rn
(half-life, 55 s). The half-life of 220Rn ensures that the steady state between 224Ra and
220
Rn is established within several minutes, which makes it possible to investigate
even rapid changes in the solids and on their surface. Radon formed by the
spontaneous a-decay of 228Th and 224Ra was incorporated into samples to a
maximum depth of 100 nm from the surface, due to the energy (85 keV/atom) of
recoiled atoms.
The radon atoms can be directly released by recoil or trapped at the lattice
defects, vacancy clusters, grain boundaries and pores. The defects in the solids can
serve both as traps and diffusion paths for radon. As it follows from theories of
diffusion and recoil processes[15], the radon release rate depends on the surface area
of the solid-gas and solid-liquid interfaces, and on the radon diffusion parameters in
the solid matrix.
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The rate of radon release from the sample (called also the emanation release
rate E) can be expressed in a simplified way as follows:
E = Erecoi, + Ediffusion = S[Ki + (D/X)m . K2]

(1)

where Erecoii is the part of the radon release due to recoil, EdiffusjOn is the diffusion part
of the released radon, S is the surface area, Ki is the temperature independent
constant, proportional to the penetration depth of Rn recoiled atoms, D is the
coefficient of radon diffusion in the sample, X. is the decay constant of Rn, K2 is
constant depending on temperature.
In the ETA the release of radon atoms (previously incorporated into the solid
sample investigated) is measured, serving as a probe of microstructure changes and
permeability of the samples towards radon (atom size approximately 0.4nm). The
increase in the radon release rate (E) indicates an opening of the structure and/or the
increase of the surface area of the interfaces, whereas the decrease in E reflects a
densification of the structure, closing pores and/or the decrease in the surface area of
the interfaces.
2.1.1.1. Preparation of samples for ETA and radioactivity measurements
For ETA measurements the samples were labeled using adsorption of
radionuclides of Th and 4Ra from acetone solution on the sample surface. The
specific activity of the sample was 105 Bq per gram. For one measurement
approximately 0.1 g of the sample was used. The labeled samples were stored at least
three weeks prior to the ETA measurements in dry conditions to allow the radioactive
equilibrium between the 228Th and 224Ra nuclides to be established. The layer of the
maximum depth of lOOnm was labeled by 224Ra and 220Rn recoiled atoms, whereas
the remaining atoms of Th were adsorbed on the sample surface, serving as a
source of
Ra and 220Rn.
ETA results are presented as radon release rate E (in relative units); E= A^ /AY>
where A« is the a radioactivity of radon released in unit time from the labeled
sample, and AY is the total y radioactivity of the labeled sample, (where the radioactive
equilibrium between 220Rn and its daughters, including 2O8T1, has been established).
The AY value is proportional to the rate of radon formation in the sample.
Semiconductor and Nal(Tl) detectors were used for the a- and y-radioactivity
measurements, respectively. Because of different efficiency of radioactivity counting
by the detectors used, the parameter E is expressed in relative units.
2.1.1.2. Equipment for ETA
The ETA apparatus was constructed at the NRI Re2 on the basis of the DTA
404 apparatus produced by NETZSCH Co. (Germany). The scheme of the apparatus
used for characterization of the thermal behavior of glass samples is given in Fig. 1. It
consists of the sample holder situated in a furnace, the detector of a-radioactivity, the
counts-meter and the carrier gas system [16]. The sample was subjected to a constant
flow of the carrier gas (flow rate 50 ml/min) which took the radon released from the
sample into the measuring chamber. Air and argon containing 6% hydrogen were
used in the ETA of glasses and perovskite ceramics, respectively.
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2.1.2. Other methods
The SEM equipment (Hitachi, Type X-650) was used. The X-ray diffraction
device was produced by Rigaku Co. (Type Geiger-flex). The leachates were
characterized by pH measurements and for Ca content by ICP-AES produced by
Daini Seikosha Co. (Type JY38P-III).
2.2. Materials
2.2.1. Nuclear waste and natural glasses
Two nuclear waste glasses were investigated: the HLW glass prepared at JAERI
[6] and a glass designed by NRI Rez [17] for the vitrification of the intermediate level
nuclear waste (ILW). For comparison, a sample of basalt volcanic glass was
investigated [18]. Chemical compositions of the glasses are given in Tables 1 and 2.
The nuclear waste glasses were melted at 1150°C for two hours, poured
into a graphite mold, held at 600°C for 2 hours and then slowly cooled to room
temperature. Samples of waste glasses and basalt volcanic glass were ground, the
0.065-0.35 mm fraction being used for labeling and the ETA measurements.
2.2.1.1. Preparation of altered glass samples
Five grams of waste glass powder (labeled by 228Th and 224Ra ) was put into
distilled water (the ratio of the glass powders surface area to water volume was SA/V
= 5 cm"1 ) and kept for 15 days and magnetically stirred at room temperature. Basalt
glass sample was hydrothermally treated in a sealed Teflon container at 143°C for 2
months. After the treatment the glass samples were air dried and examined by ETA.
2.2.2. Perovskite ceramics containing simulated TRU elements
A bulk perovskite sample was prepared at JAERI [19,20] by hot pressing at the
temperature of 1250 °C/ 29 MPa for 2 hours. The nominal chemical composition of
the perovskite samples is Cao.982i4(Ndo.oo79oCe0.oo996)Alo.oi786Tio.982i403, where Nd
and Ce were used as simulant for Cm and Pu, respectively. The Nd and Ce rare earth
elements were assumed to be trivalent and to be incorporated in the Ca site via an Al3+
substitution on a Ti4+ site [19].
A chemical mixing technique was used for the preparation of the perovskite
ceramic precursors [20] using a mixture of tetraisopropyl titanate (Ti(C3H7O)4) and
aluminum sec-butoxide (Al^HgO^) for the hydrolysis. The ceramics were subjected
to the MCC-1 leach test in a pH=2 buffer solution (0.05M KC1 + 0.013M HC1) at
90°C for 2 months over four 7-day leach periods and a 28-day leach period. The "aspolished" and "as-leached" samples were labeled for the ETA measurements as
described above.
2.2.3. Pure Perovskite Ceramics
Perovskite, CaTiO3, was made at ANSTO by the alkoxide route [21] in which
an alcoholic solution of titanium isopropoxide was hydrolyzed in an aqueous solution
of calcium nitrate. The ethanol was removed by evaporation , and the remaining
materials was dried and then calcined at 700°C to remove NOX and residual organics.
The calcine was palletized and sintered at 1400°C in air for 2 days. Samples
-
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approximately 1 x 1 x 0.2 cm. in size were irradiated was by 2.7 MeV He+ ions to the
doses of 1014 and 1016 ions/cm2, respectively over circular areas 0.7 cm in diameter.
Both non-irradiated and He+-ions irradiated samples were labeled for ETA
measurements as described above.
3. Results and Discussion
3.1. Characterisation of nuclear waste glasses and their alteration product
3.1.1. High level nuclear waste glass
In Fig. 2 the ETA curves of the pristine nuclear waste glass and its alteration
product are presented. These curves characterize differences in the thermal behavior
of the simulated HLW glass samples before and after alteration due to the early
stages of hydrolytic corrosion. Curve 1 in Fig. 2 corresponds to the ground pristine
glass. The increase of the radon release rate in the temperature range from 40 to
300°C can be ascribed to the radon diffusion in the surface and near surface cracks
due to polishing and micropores. The break observed on the curve at 300°C
corresponds to onset of the annealing of the surface roughness, cracks and micropores
in the near surface layers [22] which were labeled with radon atoms up to the
maximum depth of lOOnm from the surface. The increase of the radon release rate
observed at the temperature of 430°C indicated the enhanced diffusion mobility of
radon in the glass sample. This effect may also be connected with the onset of the
glass viscosity decrease. A DSC measurement, carried out to determine the glass
transition point Tg, confirmed this interpretation [23]. It should be mentioned here
that "condensed" defects formed during previous glass cooling begin to move above
the glass transition temperature. A steep increase of oxygen self-diffusion was
reported [24] in this temperature for at least three different glass compositions.
The following decrease of the radon release rate in the temperature range of
590-700 °C corresponded to the glass softening (in this temperature range the glass
is plastic). This decrease observed on the ETA curve corresponds to the characteristic
behavior of inorganic glasses in the plastic stage, observed at pre-melting
temperatures [11,12,22,25].
Curve 2 in Fig. 2 corresponds to the altered glass sample being covered by a
gel-like layer, containing products of the glass hydrolytic corrosion. According to
Grambow [26], the most likely insoluble compounds formed on the borosilicate
HLW glass corroded in distilled water are: Fe(OH)3> Mn(OH)2,or Ti(OH)4, and others
depending on the actual composition.
From the comparison of the radon release rate values of the virgin and altered
sample measured at room temperature (see Fig. 2) it follows that the surface area of
the altered sample was more than 2 times higher than that of the virgin glass powder
The surface of the pristine glass powder determined by nitrogen adsorption and
calculated by the B.E.T.method was 0.1 m2/g. (In the surface area assessment a direct
proportionality between the surface area and radon release rate measured at room
temperature was supposed [15]).
During heating of the altered glass sample several processes took place. Curve
2 in Fig. 2 characterized these processes under in situ conditions of the sample
heating as follows: The increase of the radon release rate observed in curve 2 at the
-
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temperature range 40-200°C corresponds to the release of water molecules from the
hydro-gel, accompanied by an opening of some pores filled initially with water.
On further heating, microstructure changes accompanying dehydration and
thermal decomposition of glass corrosion products [26] were characterized by the
radon release rate decrease in the temperature range 220-590°C. The decrease of the
surface layer porosity and its densification can be assessed from the radon release rate
decrease measured in this temperature range. The thickness of 50-60 nm was
estimated for the gel-like alteration layer formed on the glass surface[ll]. The effect
observed on the decreasing slope of the ETA curve above 600°C may correspond to
the plastic state of the non-altered glass portion present in the sample labeled by radon
to the depth of 100 nm (compare with the effect above 600°C on the curve 1,
characterizing the plastic state for the virgin glass sample). Thus the effect of
hydrolytic alteration on the thermal behavior of the nuclear waste glass was revealed
by ETA in an early corrosion stage.
3.1.2. Intermediate level waste glass and its alteration
Curve 1 in Fig 3 characterizes thermal behavior of the ILW glass[17,22].
Similarly as observed on the ETA curves of the HLW glass( see Fig 2, curve 1) the
increase of the radon release rate observed in the temperature interval 30-260 °C
reflects the liberation of the surface from water. The high slope of the curve at the
range 30-80°C corresponds the water layer covering the sample surface. This glass,
containing relatively high amount of sodium, easily reacted with water, even with
water vapor present in air. The subsequent radon release corresponded to the diffusion
of radon in the surface cracks .The decrease of the radon release rate starting at 280 °C
reflected the annealing of surface roughness and cracks due to glass grinding .Further
description of the effects observed in curve 1, Fig 3 is similar to that of the thermal
behavior of pristine HLW glass sample( see in Fig 2, curve l).The glass transition
temperature, Tg and glass softening temperature of the ILW glass were determined by
DSC as 486°C and 507°C respectively. By means of ETA, the temperature interval of
enhanced radon diffusion and the temperature of the onset of the plastic glass region
were determined.
Curve 2 in Fig. 3 corresponds to the altered glass sample. It was shown by SEM
that the thickness of the gel like layer of altered glass formed by the hydrolytic
corrosion is approx. 120 nm. Consequently, the labeled layer by radon is composed
mainly of glass corrosion products (e.g. hydroxides of metals comprising the glass).
The sharp increase of the radon release rate in the temperature range 100-150°C
corresponded to the dehydration of the gel-like layer. The subsequent decrease of E in
the temperature range 160-600°C indicated the decrease of the surface area of the
altered glass after the thermal decomposition of its components indicating
densification of the altered glass layer.
Curve 3 in Fig. 3 characterized thermal behavior of the altered sample in the
case that leaching water contained colloids of goethite (y-FeOOH) representing
corrosion products of the steel canister where a HLW is to be placed for the final
disposal. The presence of the corrosion products in the altered glass surface was
determined supposing that effects on the ETA curve at temperatures of 300 and 480° C
correspond to thermal decomposition of iron-oxide hydroxides [27,28].
-
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3.1.3. Basalt volcanic glass
ETA results of the ground basalt volcanic glass sample [18] (see Fig. 4) before
and after hydro thermal treatment for 2 months at 143°C do not substantially differ.
When comparing curve 1 and curve 2 in Fig 4, practically no evidence about the
formation of an altered layer on the basalt glass surface was obtained from the
respective ETA curves. The initial increase of the radon release rate in the temperature
range 30-250°C corresponded to radon diffusion in the surface cracks due to grinding.
The subsequent decrease on further heating at 300°C reflected the annealing of the
surface roughness , similarly observed in the case of nuclear waste glasses (see Figs.
2 and 3). The enhanced radon diffusion at the temperatures above 900°C may be
connected with the release of remaining hydroxyl water as reported e.g. in Ref. [18].
3.1.4. Comparison of ETA results
Based on the results of the leach tests performed, the following tendency in the
decreasing chemical durability of the glass samples was observed: basalt » HLW
glass > ILW alkali metal-containing glass. ETA results agree with the statements of
other methods used. The ETA heating curves reflected microstructure changes of the
altered glasses, which are dependent on the glass composition, the duration of
alteration treatment and conditions used for the treatment. The secondary products of
the nuclear waste glass corrosion can be characterized by this method, indicating
early stages of the formation of the new phases. The ETA curves can be used as
"fingerprints of the alteration products morphology".
3.2. Characterization of perovskite ceramics and its alteration products
The ETA results of the "as-polished" and "as-leached" samples are presented in
Fig.5 Annealing of polishing defects in the "as-polished" sample was revealed by the
decrease of radon release rate in the temperature range of 300-560°C. The decrease of
the radon release rate in the range of 880-1200°C corresponded to the densification of
the samples due to annealing of remaining latent pores [29]. The ETA curve
measured during sample cooling characterized the radon diffusion properties in the
perovskite sample heated to 1200 °C in argon containing 6 % of hydrogen.
ETA results in curve 2, Fig. 5 demonstrated that the thermal behavior of
perovskite sample altered in the leach testing at 90°C for 2 months differs from that
of the "as-polished" sample. The thickness of the altered anatase containing layer was
estimated (using the amount of Ca in the leachate) to be approx. 40 i-im, the nearsurface part of the altered layer being labeled by radon atoms for the ETA
measurements. From the radon release rate measured during sample heating we can
conclude that the polishing defects observed in the "as-polished" samples were
eliminated in the course of the hydrothermal treatment. The decrease of the radon
release rate in the temperature range of 800-1000°C indicated the anatase-rutile phase
transition. The ETA results of the "as-leached" sample implies that the annealing of
remaining latent pores [29] takes place on heating above 1000°C.
In addition, the diffusion mobility of radon in the perovskite ceramics
containing TRU-simulating elements was assessed from the ETA results. For this
purpose the radon release rate of the samples heated to 1200°C was measured during
-
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their cooling to room temperature. The activation energy of radon diffusion
determined for the "as-polished" and "as-leached" samples in the temperature range
1000-1200°C are 62 ± 5 and 136 ± 3 kJ/mole respectively.
In Figs. 6 and 7, we present the SEM micrographs and X-ray diffraction
patterns of the "as-polished" and "as-leached" samples , respectively. On the SEM
micrograph of the "as-polished" sample (see Fig. 6-1) microcracks due to polishing
were observed on the sample surface. From Fig. 6-2, corresponding to the "asleached" perovskite sample a grain size of 0.2 \tm for the crystallites forming the
surface layer was determined. From the XRD patterns of the respective perovskite
ceramics samples (see Fig.7) titanium dioxide (anatase) was formed on the sample
surface as the results of the leaching. The results of SEM and XRD are in a good
agreement with the ETA curves.
The ETA results demonstrated that the hydrothermal treatment in the
conditions of the MCC-1 leach test caused important microstructure changes of the
perovskite ceramics samples. Giving information about the migration of radon
atoms in an altered ceramic matrix for TRU-immobilization, the ETA can be used for
the characterization of the atomic transport properties of the nuclear waste ceramics.
3.3. Thermal behavior of irradiated perovskite ceramics
Samples of perovskite were irradiated by He+-ions to the doses of 1014 and 1016
ions/cm and subsequently labeled by the impregnation with
Th and
Ra. The
ETA curves characterizing thermal behavior of the irradiated perovskite samples in
comparison with the non-irradiated are presented in Fig.8 curves 2, 3, and 1
respectively.
The increasing trend of the radon release rate in the temperature interval 50200°C was observed with the irradiated samples, the increase directly depending on
the absorbed dose. The annealing residual porosity of the sample takes place above
300°C which was reflected by the decrease of the radon release rate. In the
temperature range 300-700°C the annealing of radiation induced defects is supposed
[21]. At temperatures above 700°C the increase of radon release rate observed with
the irradiated samples indicated the enhanced mobility of remaining condensed lattice
defects.
4. Summary
The emanation thermal analysis was demonstrated as a sensitive tool for the
characterization of the nuclear waste glass surfaces before and after their alteration
under simulated repository conditions. This method enabled us to examine
morphology changes taking place in altered layers of the nuclear waste and to obtain
information about the mobility of radon as tracer in both virgin and altered nuclear
waste glasses and ceramics. Temperatures of the annealing of surface roughness,
micro-cracks and other defects, produced by sample manufacture and/or by its
subsequent treatment were determined using the ETA. By this method differences in
initial physical defects of the samples to be subjected to corrosion leaching tests can
be assessed.
The ETA curves of the altered glass characterized microstructure changes
accompanying dehydration and thermal decomposition of the glass corrosion
-
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products and ceramic corrosion products. In the altered samples of nuclear waste
glass and perovskite ceramics, temperature ranges of microstructure changes taking
place during heating were characterized. The ETA can be used to obtain
"fingerprints" of various pristine glass samples and products of their alterations.
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Table 1. Chemical composition of glass samples investigated
Constituent
SiO 2
B2O3
Na 2 O

K2O
Li 2 O
A12O3

CaO
MgO
TiO 2
Fe 2 O 3
FeO*>

JAERI - HLW Glass
45.15
13.90
9.79
2.00
4.89
4.00
2.90

Content fwt %]
NRI-ILW Glass
45.05
15.67
25.38
2.20
7.79
2.25
0.51
0.15
0.85
-

ZnO
2.47
0.30
P2O5
Waste
14.60
oxides**'
*' Total Fe content re-calculated to FeO.
**' Waste oxide composition is summarized in Table 2.

Basalt Glass
50.71
2.31
0.10
14.32
11.81
7.14
1.64
11.63
0.14

Table 2. Chemical composition of HLW oxides
Constituent
Rb2O
SrO
Y2O3

ZrO2
MoO3
MnO2
Ag2O
CdO
SnO2
Sb2O3
TeO2
Cs2O
BaO
La2O3

Content fwt%]
0.12
0.34
0.20
2.64
1.73
0.26
0.03
0.03
0.02
0.01
0.23
0.98
0.62
0.50

Constituent
CeO2
P^On
Nd2O3
Sm2O3
Eu2O3
Gd2O3
SeO2
RuO2
NiO
Cr2O3
Ru
Rh
Pd
Subtotal

-
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Content [wt%]
1.91
0.49
1.65
1.32
0.06
0.04
0.02
0.80
0.40
0.50
0.12
0.15
0.43
14.60
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Fig. 1 Scheme of the apparatus for emanation thermal analysis
1 - gas supply, 2 - gas flow stabilizer and flow rate mater, 3 - labeled sample,
4 - sample holder, 5 - furnace, 6 - temperature controller, 7 - measuring
chamber, 8 - radioactivity detector, 9 - flow rate meter, 10 - counts meter, 11 data processor and printer (plotter).
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Fig. 2 ETA results of HLW glass prepared at JAERI
Curve 1- pristine glass sample, curve 2 -sample altered in distilled water at 25°C
for 15 days. Heating in air at the rate of 5° C/min Temperature intervals of
processes taking place during heating pristine and altered glass samples are
indicated as follows:
pristine glass: Zone I- radon diffusion in the surface and near surface cracks,
Zone II- annealing of surface roughness and cracks, Zone Ill-enhanced radon
diffusion, decrease of glass viscosity, proceeding to the glass transition
temperature ,T g , Zone IV- glass softening (plastic state of the glass)
corroded glass: Zone A- release of water from surface of the gel-like layer,
Zone B- microstructure changes (annealing of pores, surface area decrease)
accompanying thermal decomposition of the glass alteration products.
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Fig. 3 ETA results of ILW glass prepared at NRI
Curve 1 - pristine glass sample, curve 2 - water treated sample at 25°C for 15
days , curve 3 -glass sample treated for 1 month in water containing goethite
colloids. Heating in air at the rate of 5°C/min.
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Fig. 4 ETA results of basalt volcanic glass
Curve 1 - pristine glass sample, curve 2 - water treated sample at 143°C for 2
months. Heating in air at the rate of 5°C/min.
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Fig. 5

ETA curves of bulk perovskite hot pressed sample prepared at JAERI
during heating and subsequent cooling in argon + 6 % hydrogen

Curve 1 - as prepared sample, curve 2 - sample after hydrothermal treatment at
90 °C .Curve V and 2' were measured during cooling of the respective samples.

-

355 -

JAERI-Conf

99-004

Fig. 6 SEM micrographs of "as-poiished" and "as-leached" perovskite ceramic
sample (Scale bars are 2 \xm)
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Fig. 7 X-ray diffraction patterns of "as-polished" and "as-leached" perovskite
ceramic sample
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Fig. 8 ETA curves of perovskite powders irradiated by He+- ions at ANSTO
Curve 1 - as prepared sample, curve 2 and 3 - samples bombarded with He+
ions to the doses of 1014 ions/g and 1016 ions/cm2, respectively.
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PACKAGING OF HIGH BURNUP UO2 AND MOX SPENT FUEL
CONSIDERING TEMPERATURE RESTRICTIONS IN THE NEAR FIELD OF A
REPOSITORY
D.F. MCGINNES and J.W. SCHNEIDER
Nagra, Hardstrasse 73, CH-5430 Wettingen, Switzerland

SUMMARY
The direct disposal of spent fuel is one of the options considered in the Swiss high level waste
management programme. One of the important questions, within this programme, is the heat
generation from high-burnup UO2 and MOX spent fuels. Depending on the maximum temperatures
allowed in the near field, on the repository boundary conditions (e.g. ambient temperatures at depth,
thermal properties of the host rock etc.) and on the heat output of the fuel at the time of disposal, it
may not always be possible to completely fill the conceptual waste canisters. The aim of this paper is
to examine the potential loading of spent fuel into canisters considering temperature restrictions in the
near field of a repository.

INTRODUCTION
Currently, the Swiss nuclear utilities have placed contracts with BNFL (UK) and COGEMA (France)
for the reprocessing of about one third of the total spent fuel from nuclear power generation,
assuming a 120 GWa (electric) scenario. The options for the remainder include (i) reprocessing or (ii)
direct disposal of the spent fuel, thus leaving the arisings from 80 GWa of power generation as the
theoretical maximum for direct disposal.
The plutonium contained in the spent fuel contracted for reprocessing will be returned to Switzerland
in the form of MOX fuel elements which, following current trends for UO2 fuels, are expected to
reach high discharge burnups.
Based on the assumption of complete reprocessing, previous studies [1] focused on the disposal of
vitrified high level waste. To widen the scope, Nagra is currently engaged in a programme to
demonstrate the feasibility of the disposal of high level waste from reprocessing, spent fuel and longlived intermediate level waste in two host rock types (Opalinus Clay and the crystalline basement).
As part of the conceptual studies an investigation of the relationship between spent fuel canister heat
output and near field temperature was carried out for various repository boundary conditions [2]. This
paper, based on these results, examines the effect of near field temperature restrictions on the
potential loading of spent fuel canisters.
HLW REPOSITORY CONCEPTS
Figure 1 outlines the boundary conditions assumed for the two repository concepts. For Opalinus
Clay the repository is assumed to be at a depth of approximately 600 m b.g. with an ambient
temperature of 35 °C and for crystalline at 900 m b.g. with 45 °C respectively.
As shown in Figure 2, it is envisaged that the waste canisters will be emplaced co-axially in the
repository tunnels and surrounded by a bentonite buffer.
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NEAR FIELD TEMPERATURE STUDY
To ensure that the favourable properties of the bentonite are not compromised, a tentative maximum
bentonite temperature of 100 °C at a distance D half-way between the canisters and the surrounding
host rock is currently assumed.
For this study, two emplacement tunnel separation distances (d) of 20 and 40 m were assumed. For
the half distance D, in the case of crystalline (KRI) this was taken as 0.72 m (tunnel diameter of 3.7
m) and Opalinus Clay (OPA) as 0.4 m (tunnel diameter 2.4 m).
The results of this study are summarised in the following table and plotted in Figure 3:

Repository type

Canister
heat output
1000 W
max. bentonite temp, at
pos. D

Canister
heat output
1500 W
max. bentonite
temp, at pos. D

Canister
heat output
2000 W
max. bentonite
temp, at pos. D

KRI, d = 20 m
KRI, d = 40 m
OPA, d = 20 m
OPA, d = 40 m

93
80
90
75

118
98
118
95

142
116
145
115

From this table and Figure 3 it can be seen that, for a bentonite temperature limit at position D of
100°C the maximum permitted canister heat output is, for the maximum tunnel separation of d=40 m,
about 1500 W for both the crystalline basement and Opalinus Clay. This canister heat output, as the
maximum value derived from the currently expected temperature restriction, has therefore, been
adopted as the target figure for the current demonstration project.

SPENT FUEL CHARACTERISTICS
For this study 3 types of UO2 and MOX spent fuels were considered:
PWRU1 = 0.433 tlHM UO2 and PWRM1 = 0.427 tlHM MOX
PWRU2 = 0.325 tlHM UO2 and PWRM2 = 0.32 tlHM MOX
BWRU3 = 0.178 tlHM UO 2 and BWRM3 = 0.175 tlHM MOX
The heat output for these three types of UO2 and MOX spent fuels for various burnups have been
calculated using the WIMS-FISPIN codes [3,4]. The results of the calculations for each fuel element
considered, assuming first a cooling period of 40 years and second of 60 years, are presented in the
following two tables:
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Burnup
PWRU1
GWd/t
(W)
33
270
48
410
55
480
60 #
535
# extrapolated data

Burnup
PWRU1
GWd/t
(W)
33
205
48
305
55
355
60 #
390
# extrapolated data

UO2at
40 years
PWRU2
(W)
205
310
360
400

UO 2 at
60 years
PWRU2
(W)
155
230
265
295

99-004

BWRU3
(W)
110
170
200
220

BWRU3
(W)
85
125
145
160

PWRM1
(W)
820
995
1080
1140

MOXat
40 years
PWRM2
(W)
615
745
810
855

BWRM3
(W)
335
410
440
465

PWRM1
(W)
700
785
820
845

MOXat
60 years
PWRM2
(W)
525
590
615
635

BWRM3
(W)
285
320
335
345

CONCEPTUAL FUEL CANISTER
For the initial calculations it is assumed, as shown in Figure 4, that the conceptual fuel canister
contains either of two different fuel grids. Grid (1) can hold four PWR fuel assemblies, grid (2) nine
BWR fuel assemblies. It should be noted that the preliminary near field temperature study [2] was
carried out assuming a canister diameter of 0.822 m, however this has since been modified to 1.05 m.

EVALUATION OF CANISTER LOADING
Based on the heat output data given in the preceding tables and assuming a canister heat output limit
of 1500 W a range of possible canister loading were examined.
Two scenarios were considered:
1. All of the old fuel of lower burnup will be reprocessed, leading to an average burnup of 48
GWd/tlHM and a peak burnup of 60 GWd/tlHM (worst case).
2. It is assumed that enough low-burnup fuel (33 GWd/tlHM) is available to dilute the higherburnup MOX and UO2 fuels.
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The results of the scenario 1 calculations (burnup 48 GWd/t for mixing with peak burnup 60 GWd/t)
are given in the following table:

Fuel type

PWRUl only
PWRU2 only
BWRU3 only
Mixed UO2
PWRUl only
PWRU2 only
BWRU3 only
Mixed UO2
PWRM1 only
PWRM2 only
BWRM3 only
PWRM1 only
PWRM2 only
BWRM3 only
PWRUl/Ml
PWRU2/M2
BWRU3/M3
Mixed

(A)
Type of average
burnup fuel loaded,
unless specified,
either 3 x PWR or
8 X BWR 48 GWd/t
4xUO2
4xUO2
9xUO2
3 x UO 2 (PWRU2)
1 xUO2 (PWRUl)
UO 2
UO2
UO 2
UO 2 (PWRU2)
4xMOX
4xMOX
4xMOX
MOX
MOX
MOX
UO2

uo2
uo2

UO2 (PWRU2)

(B)
Type of maximum
burnup fuel loaded
(1 x 60 GWd/t)

(A+B)
Heat output
after 40 years
cooling
(W)

~
—
—

1640
1240
1530
1340

(A+B)
Heat output
after 60 years
cooling (if 40y
> 1500W)
(W)
1220
—

UO2
UO2
UO2
UO2 (PWRUl)
~
~
MOX
MOX
MOX
MOX
MOX
MOX
MOX(PWRMl)

1765
1330
1580
1465
3980
2980
3690
4125
3090
3745
2370
1785
1825
2070

1305
—
3140
2360
2880
3200
2405
2905
1760
1325
1345
1535*

• It should be noted that, this heat output value only slightly exceeds the 1500 W limit and as such is
considered to be acceptable.
From this table, assuming mixing with a relatively high burnup of 48 GWd/t, the following
conclusions can be reached:
•

All UO2 fuels can be disposed of after 40 years cooling assuming that mixing of PWRUl and
PWRU2 fuels is possible (Figure 5a).

•

For a canister containing only PWRUl fuel cooling times of > 40 years will be required (Figure
5b).

•

It is not possible to fill canisters with only MOX fuel after either 40 or 60 years cooling (Figures
6a and 6b).

•

All MOX fuels can be disposed of (assuming complete filling of all canisters) but only with
mixing with UO2 fuel elements and with cooling periods > 40 years (Figures 8a and 8b).
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The results of the scenario 2 calculations (burnup 33 GWd/t for mixing with peak burnup 60 GWd/t)
are given in the following table:
Fuel type

PWRU1 only
PWRU2 only
BWRU3 only
Mixed UO2
PWRM1 only
PWRM2 only
BWRM3 only
PWRU1/M1
PWRU2/M2
BWRU3/M3
Mixed

(A)
Type of average
burnup fuel loaded
PWR(3 x 33 GWd/t)
or
BWR(8 x 33 GWd/t)
UO2
UO 2
UO2
UO2 (PWRU2)
MOX
MOX
MOX
UO 2
UO2
UO2
UO 2 (PWRU2)

(B)
Type of maximum
burnup fuel loaded
(1 x 60 GWd/t)

(A+B)
Heat output
after 40 years
cooling
(W)

UO2
UO 2
UO 2
UO2(PWRU1)
MOX
MOX
MOX
MOX
MOX
MOX
MOX(PWRMl)

1345
1015
1100
—
3600
2700
3145
1950
1470
1345
1755

(A+B)
Heat output
after 60 years
cooling (if 40y
> 1500W)
(W)
~
2945
2210
2625
1460
~
—

• It should be noted that, as PWRM1 can be packaged directly with PWRU1 spent fuel after 60
years cooling, it was not considered necessary to calculate this value.
From this table, assuming mixing with a burnup of 33 GWd/t, the following conclusions can be
reached:
•

All UO2 fuels can be disposed of after 40 years cooling without requiring any mixing of PWRU1
and PWRU2 fuels (Figure 5a).

•

It is not possible to fill canisters with only MOX fuel after either 40 or 60 years cooling (Figures
6a and 6b).

•

It is possible to dispose of MOX fuels after either 40 or 60 years cooling but, only with mixing
with UO2 fuel elements (Figures 7a and 7b).

•

It is possible to dispose of PWRU2 with PWRM2 and BWRU3 with BWRM3 fuels (assuming
complete filling of all canisters) but PWRU1 with PWRM1 fuel still requires cooling for periods
> 40 years before it can all be placed in full canisters (Figures 7a and 7b).

CONCLUSIONS
In conclusion, for a Swiss repository concept, this study highlights the importance of optimising the
loading of high-burnup spent fuel after a cooling time of 40 years into canisters for direct disposal.
Further, it is considered that without significant amounts of low burnup fuel being available, to dilute
the overall impact of high burnup MOX fuels after a 40 year cooling time, it will be difficult to fully
load canisters without storing the MOX fuel for significantly longer periods. Finally, it should be
pointed out that currently, MOX fuel produced from reprocessing of 1/3 of the total Swiss fuel (~ 150
tlHM [5]) can be diluted with the remaining unreprocessed 2/3 of the total fuel (~ 2000 tlHM [5]) and
as such it is considered feasible.
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Figure 1: HLW Repository Concepts

Figure 2: Co-axial Canister Emplacement
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A CASE STUDY ON THE ROLE OF NATURALLY-OCCURRING
ORGANICS IN SUBSURFACE RADIONUCLIDE MIGRATION:
THE N REACTOR'S CRIB-TRENCH SYSTEM
A. P. TOSTE
Chemistry Department
Southwest Missouri State University
Springfield, Missouri 65804 USA

INTRODUCTION
The factors governing the subsurface migration of radionuclides appear to be extremely
complex. Considerable research indicates that the mobility of radionuclides depends on their
physicochemical forms (1-3). For example, certain radionuclides can exist as inorganic,
anionic complexes that are fairly mobile in soil solutions (3). On the other hand, certain
radionuclides appear to be retarded by inorganic complexes associated with soil particles (4).
Perhaps one of the least understood aspects of subsurface radionuclide transport is
what role organic compounds play in mediating radionuclide migration in groundwater. For
example, does the organic content of soil particles enhance the retardation, or sorption, of
radionuclides? On the other hand, do organic compounds, naturally-occurring (bioorganic) or
synthetic (waste-derived), facilitate the migration of certain radionuclides in groundwater?
Researchers are exploring the role(s) that organics play on subsurface radionuclide
transport. Several studies have addressed the role of organics in mobilizing radionuclides by
forming anionic complexes or chelates (5-15). In certain cases, it appears that waste-derived
organics may play an important role in mobilizing radionuclides (5-12). In other cases,
naturally-occurring organics appear to play a major role in controlling subsurface radionuclide
transport (4, 13-15). Many of these studies reveal that the identification of such anionic,
organic complexes or chelates explain otherwise anomalous, or unpredicted, environmental
behavior by certain radionuclides.
During my tenure as a researcher at Pacific Northwest National Laboratory (PNNL),
colleagues and I studied the subsurface migration of radionuclides at several shallow-land
burial sites in the U.S.A. and Canada. We expanded our traditional geochemical studies of
radionuclide transport to include organic research. This expansion of effort was most evident
in our research at two sites: a commercial, shallow-land burial site of low-level nuclear waste
at Maxey Flats, Kentucky; and a low-level aqueous waste disposal site, the N-Reactor's cribtrench system, at the U.S. Department of Energy's (D.O.E.'s) Hanford Site in eastern
Washington State. Using these sites as model systems, we studied the role of organics in the
subsurface transport of radionuclides.
The specific aim of this report is to describe the contribution of naturally-occurring
organics to the subsurface transport of radionuclides using the N-Reactor's crib-trench system
as a model system. The research described in this report was originally presented at an NEA
workshop held in Paris, France, on 12 June 1985, which was convened by the Radioactive
Waste Management Committee of the OECD Nuclear Energy Agency (16).
-
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Background Studies
Access to the N Reactor's crib-trench waste disposal facility at the Hanford Site
provided our research team with the opportunity to study the transport of a large number of
radionuclides in oxygenated groundwater under natural conditions. Reactor effluent water
containing low levels of radioactivity was discharged into a seepage trench consisting of a
rock-lined basin, - 3300 m2 in area. The seepage trench was connected to a narrow, unlined
trench 490 m long x 15 m wide, which lay on a bluff overlooking the Columbia River. The
trench paralleled the river. The effluent water percolated through soil between the trench and
the river, some of it eventually emerging at seepage springs along the riverbank. Past studies
indicated that a large number of the radionuclides in the effluent water were efficiently sorbed
onto the soil during transit, but some migrated with the groundwater, presumably because of
their physicochemical forms. The advantages of using the aqueous waste disposal system to
study radionuclide migration in groundwater were: 1) accessibility; 2) measurable
concentrations of radionuclides; 3) a well-defined source of aqueous effluents; and 4) short
transit distance from the trench to the springs.
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Figure 1. Schematic of the N Reactor's Crib-Trench Disposal Site and Sampling Locations
During early studies a variety of radionuclides were detected in the trench water,
including: 46 Sc, 51Cr, 54Mn, "Co, 59Fe, 60 Co, 65Zn, ^Zx, 95 Nb, 103Ru, 1<*RU, 124Sb, 125sb,
131 134
1, Cs, 137 Cs, 140 Ba, 141Ce, 144Ce and transuranic radionuclides (2). Most of the
radionuclides enter the trench at least partially in the particulate, or insoluble, form. The
soluble species of each radionuclide in the trench water were either predominantly cationic,
anionic, nonionic or a mixture of these forms. Cobalt-60,54Mn, 59 Fe and 137 Cs were the
predominant gamma-emitters. Occasionally, a number of short-to-intermediate-lived
radionuclides appeared in the trench water, including the radioiodines (131,132,133,1351^
l40Ba_l40La and 99 Mo.
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In general, the physicochemical forms of the radionuclides in the trench and spring
waters differed markedly. The radionuclides emerging in the riverbank springs were primarily
those which exist in anionic or nonionic species, i.e., 51Cr, 60 CO, " T c , 106Ru, 125 Sb and 131 I.
As the trench water percolated through the soil to the riverbank springs, the particulate and
cationic species appeared to be efficiently removed by the soil via filtration, sorption, and ion
exchange mechanisms.
EXPERIMENTAL
Sample Collection
Groundwater was pumped from Well #1 on July 5,1984. (Figure 1). Well #1 is located
30 m from the trench at the crib-trench disposal site. The water was filtered through 0.45 p,m
silver membrane filters and collected in acid-cleaned amber glass bottles. Water was also
collected from the trench and springs. The samples were immediately transported to the
laboratory where they were stored at 4 °C prior to analysis.
Analytical Procedures
High Molecular Weight Organics. The filtered groundwater underwent sample
preparation immediately on arrival at the laboratory. Replicate aliquots of filtered water (400
mL) were concentrated to 20 mL by vacuum evaporation before the dialysis and stericexclusion fractionation into different molecular weight fractions.
For the dialysis study, 20 mL of concentrated groundwater were placed in cellulose
dialysis tubing with a MW - 1000 exclusion limit. The dialysis tube was sealed and placed in
a beaker containing 1 L of Milli-Q purified water. The beaker was covered, and the system
was magnetically stirred for 24 h. The system was then opened, and the 1 L of dialysate was
decanted into an acid-cleaned glass bottle, which was refrigerated. One liter of fresh water
was added to the system, followed by another 24 h of stirring. The procedure was repeated
again, yielding 3 L of dialysate, which was termed the lower MW fraction (MW < 1000). The
3 L of dialysate were concentrated to 20 mL by vacuum evaporation and set aside for
subsequent analysis. The concentrated groundwater remaining inside the dialysis tube was
pipetted into an acid-cleaned glass vial and labeled the high MW fraction (MW > 1000).
The concentrated lower MW fraction (M < 1000) from the dialysis study was further
fractionated on a Sephadex G-10 chromatography column by eluting it with Milli-Q purified
water. Replicate runs were made, with and without Blue Dextran as a void volume marker.
Each column was also calibrated using dextran polymers of different MWs. The column
effluent was monitored by UV absorbance at 254 nm and collected in acid-cleaned flasks as
three fractions: 1) fraction A, the first third of the chromatogram, nominally corresponding to
a MW range of 700 to 1000; 2) fraction B, the middle third of the chromatogram, nominally
corresponding to a MW range of 300 to 700; and 3) fraction C, the final third of the
chromatogram, nominally corresponding to a MW range < 300.
Each of the fractions obtained in the dialysis and steric exclusion fractional ons were
subsequently divided into three aliquots and analyzed for their UV absorbance at 254 nm and
285 nm, total organic carbon (TOC) content and y-emitting radionuclides. The organic content
of each fraction was analyzed for its so-called humic and fulvic acids content by computing its
humic/fulvic acids enrichment factor: A285nm/TOC, normalized to the value for the original
well water. Aromatic residues, e. g., phenolic groups associated with naturally-occurring
-
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organics, particularly humic and fulvic acids, absorb strongly in the ultraviolet region at a
wavelength of 285 nm. For the radionuclide analyses, it was decided to measure the
y-emitting radionuclides based on the results of past research, using published analytical
procedures (2).
Some caution must be exercised when assigning MWs to organic species solely on the
basis of dialysis and steric-exclusion fractionations. The dialysis tubing and the Sephadex
columns were size-calibrated using specific standards (e. g., dextrans), whose conformations
may bear little resemblance to the organics in the groundwater samples. Any fractionation
must be considered operational for the specific class of compounds being considered.
Consequently, any MWs assigned must be considered nominal MWs. That is not to say that
such information is not useful. There is ample evidence in the literature indicating good
correlation between MWs determined for humic and fulvic acids by steric exclusion
chromatography, ultra-filtration, and x-ray scattering (17, 18).
Low Molecular Weight Organics. The analytical procedures used to analyze the
water samples for low molecular organics have already been described in detail elsewhere (1,
2, 5). Briefly, each water sample was dried to a residue, derivatized via methylation and
subsequently analyzed by gas chromatography (GC) and GC/ mass spectrometry (GC/MS),
using procedures specifically adapted for radioactive water samples.
Materials
Standards. The standards used in the GC analyses were purchased from Aldrich
Chemical Company (Milwaukee, Wisconsin), United States Pharmacopeial Convention, Inc.
(Rockville, Maryland) and Sigma Chemical Company (St. Louis, Missouri). Dextran
standards used to calibrate the Sephadex columns were purchased from Pharmacia Fine
Chemicals (Piscataway, New Jersey).
Chromatographic Columns and Dialysis Membrane. The glass columns (2.5 cm x
45 cm) and the Sephadex G-10 and G-15 were purchased from Pharmacia Fine Chemicals
(Piscataway, New Jersey). The dialysis membrane was purchased from Spectrum Medical
Industries, Inc.
Reagents, Solvents and Glassware. The BF3/Methanol (14% w/v) used in the
methylation reaction was purchased from Regis Chemical Company (Morton Grove, Illinois).
All of the solvents used in the organic analyses were redistilled-in-glass solvents purchased
from Burdick and Jackson Laboratories, Inc. Deionized water, pre-purified for laboratory
use, was further purified on a Milli-Q system (Millipore) containing two ion exchange resins
and two charcoal filters. All glassware was acid cleaned in a hot solution of sulfuric acid/nitric acid (4:1 v/v).
RESULTS AND DISCUSSION
The dissolved organic carbon concentrations in the trench and spring waters were
typical of natural surface waters, generally ranging between 2 to 3 mg/L. These
concentrations are considered sufficiently high to complex metal radionuclide species and,
thus, affect their mobility in groundwaters. Therefore, we undertook a comprehensive
identification and quantitation of the major and minor dissolved organics in water from the
trench, a monitoring well adjacent to the trench and the springs at the end of the crib-trench
disposal system. We analyzed the water samples for both low and high MW organics.
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Low Molecular Weight Organics
The major organic compound in a sample of trench water was identified as citric acid
(0.38 ppm), a chemical used extensively in nuclear decontamination solutions. The trench
water also contained traces of oxalic acid (another decontamination agent), silicone oils
(presumably used as lubricants at the reactor) and palmitic and stearic acids. The major low
MW organic compounds in the spring water were palmitic and stearic acids (1.8 ppb and 2.3
ppb, respectively). These acids could be natural decay products of the decomposing biota in
the trench, or they could be derived from soaps or detergents used in the reactor. Organic
acids have the ability to complex iron and other transition metal radionuclides, and could
enhance their groundwater mobility at this site.
The low MW organic acids identified in the groundwater account for only a small
percentage of the groundwater's total organic content. Consequently, we decided to examine
the higher MW organic species in the groundwater, focusing on humic and fulvic acids.
High Molecular Weight Organics
Dialysis Study. The dialysis fractionation of the ground water yielded two organic
fractions: 1) the organic species inside the dialysis tube with nominal MWs > 1000; and 2) the
organic species outside the tube with nominal MWs < 1000 (Figure 2). Humic/fulvic acids
enrichment factors of 1.8 and 3.1 were observed for the solutions inside and outside the
dialysis tube, respectively. The high enrichment factor (3.1) associated with the lower MW
fraction was undoubtedly caused by the resulting enrichment of lower MW fulvic acids in this
fraction, which have a higher percentage of strong UV-absorbing groups compared to the
much larger humic acids. Based on carbon analysis, 25% to 33% of the organic content
appeared to have nominal MWs < 1000.
Antimony-125, 103Ru, and 60 Co were detected in both fractions, but more activity
appears to be associated with the lower MW organic fraction. The lower MW fraction also
contained 137 Cs activity as well. These radionuclides may or may not be associated with the
lower MW organics. They could exist as low MW inorganic species, which dialyzed through
the dialysis membrane with the lower MW organics. In contrast, the 125 Sb , 103Ru. and 60 Co
remaining in the dialysis tube were presumably associated with the higher MW organics.
Steric Exclusion Fractionation. The Sephadex G-10 fractionation of the lower MW
organic fraction from the dialysis fractionation is illustrated in Figure 3. Three distinct UVabsorbing species or aggregates were detected; the second and third peaks eluted as a doublet.
The first peak (fraction A) corresponded to organic species with nominal MWs of- 700 1000. On the basis of the UV analysis, 47.2% of the organic content in the lower MW
fraction resides in this fraction. The doublet (collected as fraction B) corresponded to
organics with nominal MWs of- 300 - 700 and represented 52.8% of the organic content.
No UV-absorbing species were detected in fraction C, which would be where low MW
fulvic acids with MWs < 300 would presumably reside. The humic/fulvic acids enrichment
factor for fraction C was 1.2, indicating no significant enrichment over the original well water.
Carbon analysis indicated, however, that the organic carbon was spread over the 3 fractions:
A, 46%; B, 34%; and C, 21%. Likely candidates for the non-UV-absorbing compounds in
fraction C are the many carboxylic acids previously identified in the site's groundwater (2).
Radionuclide analyses revealed the presence of 125Sb, 103Ru. 137 Cs, and 60 Co in
fraction A, but only 125 Sb was detected in fractions B and C. It appears, therefore, that some
of the radionuclides in the lower MW (< 1000) dialysis fraction are indeed complexed with
-

374 -

JAERI-Conf

99-004

Radionuclides
125

Dialysis of Ground Water, Well #1
I20X Concl

• I

Sb

Organics IHumic/Fulvic Acidsl
100

_ 2000

2

| |

.•?n y TOC ) Normalize
•;

1000

I

;

50

-/o

High MW
Fraction
l > 1.000 MWl

Lower MW
Fraction
K1.000 MW)

(Inside)

fOuiside)

Figure 2. Dialysis Fractionation and Analysis of Groundwater from Well #1 at the
N Reactor's Crib-Trench Waste Disposal Site.

Sephadex G-10 Chromatography
of Dialyzed Ground Water, Well #1
« 1000 MW Fraction, 20X Concl

(
/

\
I

*

T

I1

B

|

C

[

Time (hr)
Organoradionuclides in G-10 Column Eluant of Dialysate
Radionuclides

OrganicslHumic/Fulvic Acids)
•p

600
<J

o

< ra

> 400

g 200
o

5

I!

0
Fraction

Figure 3. Sephadex G-10 Chromatography Fractionation and Analysis of the Lower MW
Fraction (MW 1000) from the Dialysis Fraction (see Fig. 2).

-

375 -

JAERI-Conf

99-004

organics of nominal MWs ~ 700 - 1000. The presence of *37Cs in fraction A is a bit puzzling,
because 137 Cs is not known to complex with organics. One possibility is that this nuclide
may be retarded by the Sephadex itself. More research is needed to resolve this issue.
Unlike some waste disposal sites, the N Reactor's crib-trench waste disposal site does
not receive appreciable amounts of waste-derived organics. Moreover, even naturallyoccurring low MW organics account for only a very small percentage of the groundwater's
organic content. Our research at this site strongly suggests that high MW naturally-occurring
organics such as humic and fulvic acids dominate as organic ligands for complexing some of the
mobile radionuclides, notably 60 Co, 103Ru, and 125 Sb.
The results of the dialysis and steric-exclusion studies agree well with previous
observations made on the physicochemical forms of these radionuclides (2). Groundwater
collected from Well #1 in January 1983 contained anionic forms of 60 Co, 103Ru and 125 Sb.
The 103 Ru and 125 Sb, in particular, were almost completely anionic. The Sephadex and
dialysis studies support the hypothesis that at least some of the anionic charge forms of these
three radionuclides result from organoradionuclide complexation. The absence of other
radionuclides in the organic fractions (e. g., 59Fe, 65 Zn, 63 Ni) does not necessarily preclude
their complexation. They may simply be below detection limits and/or are not strong
emitters. Re-analysis of greater amounts of groundwater could well reveal their presence.
Concluding Remarks
Compared to the waste-derived chelating agents identified in leachates from some waste
disposal sites, e. g., the Maxey Flats site (5, 6, 8, 12), the naturally-occurring organic acids in
the groundwater of the N Reactor's crib-trench site are much weaker ligands for complexing
radionuclides. However, in disposal systems lacking waste-derived organics such compounds
will dominate. In certain areas, particularly humid areas with rich biota, the concentrations of
such organics in groundwater may be extremely high.
Much more research needs to be conducted before the importance of organoradionuclide
associations can be fully assessed. The interaction constants, e. g., conditional stability
constants, of waste-derived organic ligands like citrate with specific radionuclides need to be
measured under realistic conditions. As far as the naturally-occurring organics, i. e., humic and
fulvic acids, are concerned, more research is needed to characterize these high MW ligands and
their interactions with specific radionuclides. Analytical procedures exist for isolating,
purifying and characterizing humic and fulvic acids from groundwater. Once macro amounts
of these species are available, studies (e. g., dialysis and potentiometric titration) could be
performed with specific radionuclides to measure binding constants, etc. (13). Such
information would provide a valuable, much needed organic data base for geochemical
modeling of subsurface transport of radionuclides in soil solutions.
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MIGRATION OF U-SERIES RADIONUCLIDES AROUND THE
BANGOMBE NATURAL FISSION REACTOR (GABON)
R. BROS 1 , P. ROOS 2 , N. YANASE 1 , E. HOLM 2 , H. ISOBE 1 , T. SATO 1 , Y. IIDA 1 and
T. OHNUKI 1
1. JAERI, Environmental Geochemistry Laboratory, Tokai, Ibaraki, Japan
2. University of Lund, Department of Radiophysics, Lund, Sweden

1. INTRODUCTION
Investigations on the geochemistry of naturally occurring U-series radionuclides have been carried
out on a natural nuclear reactor found in the Bangombe uranium deposit, about 30 km far from the
main Oklo deposit. Due to its shallow location, this reactor has been weathered by the percolation of
meteoric waters (Smellie and Winberg, 1993; Toulhoat etal., 1994; Bros et al., 1995;Louvat et al.,
1995; Gurban, 1996). The Bangombe locality is unique in that the mobility of various actinides and
fission products can bedescribedin the reactor core and surrounding sediments (Bros et al., 1995), and
also in the groundwaters which have been in contact with the reactor zone (Toulhoat et al., 1994).
This allows the opportunity to evaluate and model the influence of groundwater chemistry and the
different rock matrices on radionuclide mobilization/retardation processes. Evidence of such
processes may be provided by the relative abundances of naturally occurring radionuclides, such as
uranium, thorium, radium and lead. The main objective of the uranium-series disequiibrium studies in
the Bangombe deposit is 1) to determine both the response of radionuclides to geochemical events
affecting the reactor environment (lixiviation of the reactor core; dissolution-precipitation of
secondary minerals; movements of redox fronts; transport of radionuclides;...) and 2) to quantify the
time-scale of geochemical events caused by groundwater flow which has been responsible for inducing
disequilibrium. For example, 234U/238U and 23OTh/234U disequilibria reflect geochemical processes
which have occurred over the past 104-106 a. The 226Ra-230Th pair can beusedfor processes occurring
over periods varying from 1000 to 8000 years and the disequilibrium of the 210Pb-226Ra pair reflects
geochemical fractionation which took place during the last 150 years.

2. GEOLOGICAL SETTING
The uranium deposits of Mounana, Boyindzi, Oklo, Mikouloungou and of present concern Bangombe
are located on the south-west border of the Franceville basin which is located in the south-eastern part
of Gabon (fig. 1). The Francevillian is a very low grade metamorphic sedimentary, clastic and
volcano-sedimentary series of lower proterozoic age (2100 Ma; Bros et al., 1992) which lies
unconformably on an Archean crystalline basement. This series is composed of five units named FA
at the base to FE at the top. The FA formation is composed of sandstones and conglomerates; the FB
consists of black shales at the base and sanstones at the top of the unit; the FC, FD, FE units are
mainly volcano-sedimentary with cherts and dolomite intercalations.
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Figure 1 : Geological map of the Franceville basin (after Gauthier-Lafaye, 1986)

The basal FA formation contains all the uranium mineralizations discovered in the Franceville basin.
The mineralization occurred very early during the oil diagenesis of the basin in oil traps formed during
the first phase of structuration of the basin. Uranium has been transported by oxidizing fluids which
altered U-enriched basal FA conglomerates and precipitated when these solutions met bitumens
(Gauthier-Lafaye, 1986). The uranium mineralization has been dated to 2050 ±30 MabytheU-Pb
method (Gancarz, 1978). During the concentration process, nuclear reactions could start in several
specific areas when the critical mass of uranium has been reached (Naudet, 1991). The nuclear
phenomenon caused desilicification of enclosing sandstones and new formation of clays around the
core of the reactors (Gauthier-Lafaye, 1986). The reactor operation has been dated to 1970 Ma by
Ruffenach (1979) using uranium, thorium and fissiogenic lanthanides. This age was confirmed by
Holliger (1992) using the U-Pb method of dating. At present, 18 reactors have been discovered. The
reactors 1 to 9 and "crochon" are located in the Oklo open quarry. The different studies performed
on these reactors have been compiled by Naudet (1991) andHagemann et al. (1980). Four reactors
named 10, 13, 16 andOK84 were found in the south part of Oklo and in Okelobondo, the south
extension of the deposit.
Bangombe is located 30 km far from Oklo, at the feet of the COMILOG manganese plateau (fig. 2,
4). This reactor is characterized by a very low depth (10-12 m) instead of 100-400 m for the Oklo and
Okelobondo reactors. The deposit has a large area (1,5 km2) and it is characterized by a low uranium
content (0.15 %) with local higher accumulations. As in Oklo and Okelobondo, the mineralized
horizon is located in the upper part of the FA sandstones. The morphology of the ore is a large and
slight anticlinal structure with a N-S to NE-SW fold axis plunging N to NE. The mineralization is
located at the cartographic limit with the FB pelites, on the W limb of the upfold. Within this large
structure, the Bangombe area define an anticlinal structure with a NW-SE fold axis parallel to the
Bangombe-Mambala fault and plunging 6° to the west. The mineralization of economic interest is
associated to the top of this anticline.
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Figure 2 : Schematic geological map of the Bangomb e area.
The Bangombe uranium deposit has been extensively investigated by drilling on a 20 x 20 m grid (fig.
3). The mineralized sandstones are 6 to 40 m deep within a unit denoted "a" and lenses of uranium are
aligned with the axis of the anticline. The mineralization is limited to the wall by a thick unit of fine
to pelitic sandstones, and to the top by FB pelites (fig. 4, 5). The uraniferous sandstones are generally
middle to coarse grained generally devoided of sedimentary structures. Uranium is often linked to
organic matter related to an hydraulic fracturing concordant to the bedding. The amount of uranium
is estimated at 960 tonnes U (0,25 %) for the whole area (quarry + mine). The small quarry studied
with a 20 x 20 m grid contain 180 tonnes U (0.2 %) including 40 tonnes of isotopically depleted U
(1.2 %) in the reactor zone.

BA2

BM22

Figure 3 : Location of bore holes and possible shape of the reactor (dashes)
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3. MATERIAL
The samples analyzed are drill-core sections collected during two field missions (Smellie and Winberg,
1991; Bros and Gauthier-Lafaye, 1996). As shown in figures 4 and 5, they have been collected at
different depths along two vertical profiles (BAX 3; BAX 8) and at various lateral distances from the
reactor zone (BAX15, BAX10, BAX13). A special attention was paid to the reactor core, the
hydrothermal clays enclosing the reactor, the fracture filling material in mineralized sandstones, and
the pelitic cover.
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Figure 5 : Stratigraphic correlations at Bangomb e
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4. EXPERIMENTAL
- Alpha spectrometry
For the radiochemistry of 238U, 234U and 230 Th isotopes, tracers (232U, 229 Th) were added to the
sample. The sample was dissolved in a HF-HNO3-HC1 mixture at 130°C, then loaded onto an
anion-exchange column in chloride form (AG 1x4, 100-200 mesh). The fraction containing U was
eluted with 8M HNO3. Th was then eluted with 9M hydrochloric acid. U was extracted into tributyl
phosphate (TBP) from the 8M HNO3 eluant; then, U was recovered by back-extraction of the
organic phase with distilled H2O. Prior to extraction of U, the TBP was diluted with xylene to
decrease the distribution coefficient of Th. Thorium and uranium in their respective solutions were
electrodeposited onto a stainless steel disc from an ammonium sulphate electrolyte, the pH of which
had been adjusted to fall within the range of 2.1 to 2.4 using concentrated ammonia solution. A
current of 1 A was applied for one hour, after which the electrolyte was quenched with ammonia and
the disc was removed. The a-spectrometry of the electroplated discs was carried out using silicon
ion-implanted detectors, with sensitive areas of 300 mm2. The resolution was 30-40 keVthroughout
the region of interest from 4.15 MeVto 5.31 MeV. Recoveries for thorium and uranium averaged
92% and 65%, respectively.

- Gamma spectrometry
4 g of powdered samples were placed into a planar plastic vessel whose inner diameter is 60 mm
(Yanase andSekine, 1995). The thickness of the sample was adjusted to less than 1.4 mm to minimize
the self-absorption effect. Measurements were done using an ORTEC LO-AX germanium detector
with 0.5 mm-thick beryllium window connected to a SEIKO EG&G 7800 MCA (multichannel
analyzer). The gamma ray used were 231 Pa (27.4 keV), 210 Pb (46.5 keV), 234 Th (63.0 keV) for 238U
determination, 230 Th (67.7 keV), 235U (163 keV), 226Ra (186 keV). All these peaks are single ones,
except for 226Ra whose contribution of 2 3 5 Uto the 186 keV was substracted, using the counts at the
63 keVpeak.

- Selective extraction procedure
About 4 g of powdered material was shaken at room temperature for 4 hours with 40 ml of 1M sodium
acetate adjusted to pH 5.0 by acetic acid. The extraction with Na acetate solution is thought to
remove the adsorbed/exchangeable trace metals and those associated with carbonate phases (Morgan,
1935; Payne, 1985). At the end of the extraction, the suspended solution was separated by a
combination of centrifugation and filtration using a 0.1 jxm Millipore filter (Yanase et al., 1991).

5. RESULTS AND DISCUSSION:
5.a. Spatial distribution of 238U, 234U and 230 Th radionuclides
The radiochemical data obtained by a-spectrometry are presented in Tables 1 and 2 which include the
activity of 238U (mBq/g) and the 23OTh/234U and 234U/238U activity ratios.

- 382 -

JAERI-Conf

238

U/ 238 U
activity ratio

153.7
949.2
1654.3
1093.1
510.0
12273
28084
24241

0.98 (0.02)

6145689
33599
19044
17666
16275
1754

1.08(0.01)
1.08(0.02)
1.01 (0.02)
1.13(0.02)
1.08(0.01)
0.90 (0.02)
1.02(0.02)
1.04(0.01)
1.00(0.02)
1.00(0.02)
0.95 (0.01)
0.98 (0.02)
0.99 (0.02)
1.00(0.03)

fracture

41446

0.96(0.03)

1.03(002)

10.90
15.25
18.60
20.45

oxidized sandstone
oxidized sandstone
fracture clay
oxidized sandstone

2930
4042
4048
56.1

0.92 (0.03)
1.02(0.02)
0.59 (0.02)
1.21 (0.02)

1.07 (0.03)
1.16 (0.04)
1.04 (0.02)
0.71 (0.03)

11.55
13.05

Fe-oxide fracture
Fe-oxide fracture

16063
13448

1.07(0.03)
1.06(0.02)

1.00 (0.03)
0.76 (0.04)

Facies

BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3
BAX3

7.85
8.54
9.40
10.25
10.83
11.53
11.70
11.75
11.80
12.00
12.92
13.17
13.81
14.06

beige clay
red clay
red clay
black shale
black shale
black shale
hydrothermal clay
hydrothermal clay
reactor core
hydrothermal clay
fracture
fracture
fracture
fracture

BAX 10

12.30

BAX
BAX
BAX
BAX

13
13
13
13

BAX 15
BAX 15

234

230 T h / 234 u

U
mBq/g

Depth
(m)

Core

99-004

activity ratio

0.89 (0.02)
0.87 (0.03)
0.96 (0.04)
0.98 (0.03)
0.95 (0.03)
0.98 (0.03)
1.59(0.03)
1.05 (0.02)
1.27(0.04)
1.12(0.02)
1.10(0.03)
1.05 (0.02)
1.00(0.03)

Table 1: Activity of2iS U (mBq/g) and "4 UfiH U, no Th/234 U activity ratios of drill-cores BAX
3, BAX 10, BAX 13, BAX 15.

Based on a Thiel diagram (Thiel et al., 1983), figure 6 shows how the fractionating processes of
leaching, recoil mobilization and precipitation can affect the relative abundances of 238U and its
successive daughters 234U and 230 Th. The center of the diagram marks the point where both activity
ratios are at unity and the U-series radionuclides are in secular radioactive equilibrium. In this plot
there are two contrasting halves separated by a diagonal line marking where 230 Th is in equilibrium
with 234U. To the lower right part of the diagram, chemical leaching has mobilized 234U leaving the
230
Th daughter in relative excess. To the upper left, accumulation/precipitation of the previously
mobilized U produce an excess of 234U relative to 230Th. The second major dividing line in the plot is
the horizontal line defined by a234U/238U activity ratio of 1. Belowthis line there is a234U deficiency
relative to 238U, the result of 234U recoil mobilization. Above this line there is an excess of 234U, the
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consequence of 234U deposition. Significant disequilibriafor 234U/238U and23OTh/234U parent-daughter
pairs are characteristic for most of the samples, indicating that the Bangombe geochemical system
has not been a closed system, at least during the last 1 Ma. Since 230Th is comparatively immobile and
characterized by a extremely low solubility in natural waters (Kaufman, 1969), the disequilibria are
mainly due to preferential mobilization of uranium isotopes. The data define a rough horizontal trend
and, for most of the samples, the 23OTh/234U ratio deviates from unity indicating that the rate of
uranium mobilization is too rapid or very recent to allow 230Th to reequilibrate with its precursor 234U
(requiring at least 350 Ka) while leaving, in some cases, 234U in disequilibrium with its parent 238U
(requiring 1.5 Ma to restore equilibrium). A striking exception is the clay infilling material from a
vertical, opened fracture (BAX13) which has alow 234 U/ 238 U ratio (0.59 ± 0.02) and a 23o Th/ 234 U
activity ratio close to 1. This may indicate a preferential leaching of 234U resulting from alpha-recoil
mechanism (Griffaultet al., 1993) which is either extremely slow or sufficiently old(350 Ka<T < 1.5
Ma) to allow ingrowth of 230Th to reach a state of equilibrium while leaving 234U in strong deficiency
relative to 238 U.

Core

Depth

234

Facies
mBq/g

(m)
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8
BAX8

2.70
3.00
3.45
3.97
4.85

5.45
5.70
6.10
6.45
6.85
7.20
8.50
9.14
BAX8
BAX8
10.30
BAX8
10.52
BAX8
10.90
10.90
BAX8
BAX8
12.10
Table 2 : Activity of
drill-core BAX 8,

U/ 238 U
activity ratio

230 T h / 234 u

activity ratio

1.05(0.01)
soil
54.3
0.95 (0.03)
soil
1.07(0.02)
130.5
0.90 (0.03)
soil
45.5
1.24(0.01)
0.80 (0.04)
soil
70.8
1.18(0.01)
0.85 (0.03)
ocher clay
32.2
1.00(0.02)
0.79 (0.02)
ocher clay
33.3
0.98 (0.02)
0.58 (0.02)
pink clay
42.7
1.02(0.01)
0.78 (0.03)
ocher clay
53.1
1.02(0.01)
0.75 (0.03)
white clay
102.8
0.99 (0.01)
0.94 (0.03)
white clay
267.2
0.97 (0.02)
0.94 (0.04)
ocher clay
627.1
0.98 (0.01)
0.87 (0.05)
black shale
125.9
1.07(0.01)
0.93 (0.04)
Fe crust
3077
0.98 (0.01)
0.80 (0.02)
Fe crust
4367
0.90 (0.02)
0.66 (0.03)
Fe crust
2960
1.08(0.02)
1.09(0.04)
hydrothermal clay
22276
1.11(0.01)
0.93 (0.03)
reactor core
6703290
0.98 (0.02)
0.99 (0.04)
Fe-oxide fracture
11351
1.01 (0.01)
1.87(0.05)
2i4
38
234
' U (mBq/g),
Uf U and "° Th/ U activity ratios of samples from

- one reactor core sample (BAX 8; 10.90 m) shows secular equilibrium for the 234U/238U and
230Th/ Th activity ratios which indicates the stability of irradiated uraninite during the last 1.5 Ma.
Another core sample (BAX 3; 11.80 m) has a 234U/238U activity ratio of 1 and a 230 Th/234 U activity
ratio slightly greater than unity (1.05 ± 0.02) which suggest a low and recent (< 350 Ka) leaching
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U from the core.

-the hydrothermal clays(BAX3; 11.75 mand 12.00 m) and fracture fillings beneath the reactor zone
(BAX 3, 12.00 m; BAX 8; 12.10 m) are characterized by high 23o Th/ 234 U activity ratio (up to 1.87)
and 234U/238U activity ratio at equilibrium or near equilibrium. Therefore, mobilization of uranium
took place recently (< 350 Ka) caused by circulation of pore waters of meteoric origin. A possible
explanation is the existence of local oxidizing conditions at the immediate vicinity of the reactor
core related to 1) high groundwater flow at the sandstones/shales interface which indicates enhanced
hydraulic conductivity, and 2) the possible radiolysis of water near the high-grade uranium ore leading
to oxidation ofU(IV)to U (VI) state and its subsequent leaching and removal. The former mechanism
is the more probable since a rapid groundwater flow is contradictory with sufficient build-up of
oxydants (e.g. O2, H2O2) induced by water radiolysis, to mobilize uranium.

00
CO

*—

t
CO
CM

soil + shales
sandstones
U

1

2

230T h / 238 U
Figure 6 : noThf38U and 234U/3SU activity ratios of samples from
Bangomb e plotted on a Thiel diagram (Thiel et ai, 1983)

- porous and oxidized sandstones from BAX 13 display various isotopic signatures. The sample
located at 10.90 m has a 234U/238U activity ratio slightly lower than unity (0.92 ± 0.03) and a
23O
Th/238U activity ratio of unity. This indicates a rapid or recent preferential mobilization of 234U
induced by alpha-recoil effect. The sample collected at 15.25 m shows a 234U/238U activity ratio of
unity and a 23OTh/238U activity ratio greater than unity (1.16 ±0.04) which indicate a rapid or recent
chemical leaching of 238U without any fractionation of uranium isotopes. The deepest sandstone
(20,45 m) is in excess of 234 U relative to 238U (234U/238U = 1.21 ± 0.02) and the 23OTh/238U activity
ratio is lower than unity (0.86 ±0.03). This suggests a preferential accumulation of 234U (because of
recoil processes) in this sample which is comparatively less oxidized and contains remnants of old,
detrital organic matter, therefore decreasing the redox potential and enhancing the fixation of mobile
uranium having a relatively high 234U/238U activity ratio.
- in the shale cover and the uppermost shallow soil, all the samples strikingly fall on the upper left
part of the diagram where
U is in excess of Th (fig. 6). Therefore, these levels correspond to
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zones of accumulation where recent (<350 Ka) precipitation of previously mobilized uranium has
produced an excess of 234U relative to its daughter 23OTh. Soil samples have 234U/238U activity ratio
greater than unity and 23o Th/ 238 U activity ratio at or near unity, resulting from the recent fixation of
uranium enriched in 234U by alpha-recoil mechanisms. The second major group corresponds to
oxidizedpelites having 234U/238U activity ratio at unity and 23OTh/238U activity ratio significantly
lower than unity. This disequilibrium pattern results from the rapid accumulation of U without
234
238
fractionation of the U/ U activity ratio. These aspects are discussedin further details in the next
chapters.

#BAX 3 profile :
Considering the

234

U/238U and 23OTh/234U activity ratios, 3 zones can be identified (fig. 7) :

a) A zone (11.75 to 14.06 m) which includes the reactor core, hydrothermal clays and underlying
open fractures within the mineralized sandstones. In this zone, the highest 23OTh/234U activity
ratios have been measured, i.e. 1.27 and 1.59 in the hydrothermal clays located at 12 m and 11.75
m, respectively. Since the 234U/238U activity ratio is close to unity, this implies a recent and rapid
removal of uranium at the immediate vicinity of the reactor. The 23OTh/234U activity ratio
decreases progressively with increasing depth until unity is achieved at 14.06 m. This suggeststhe
existence of a gradient of uranium removal which is greatest at the immediate vicinity of the
reactor and tends to decrease in low-grade mineralized areas.
20

60

10

50 10 010100 1000

1000

0 . 8 1 1.2

u
40
*u 40
230
234
Figure 7:
U/
V and Th/ Uactivity ratios along BAX 3 and BAX 8 drill-cores. TheFe content
and illite/chlorite ratio of BAX 3 and BAX 8 are from Bros etal. (1995), Salah and Gauthier-Lafaye
(1997, 1998).
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b) A black shale layer (10.25 to 11.53 m) where the 234U/238U activity ratio increases with
decreasing depth. The 234U/238U activity ratio is lower than unity in the basal black shale (0.90 ±
0.02) and reaches a maximum value (1.13 + 0.02) at 10.25 m which also corresponds to the
highest content of chlorite. This suggests upward, preferential migration of 234U (related to
recoil-mobilization processes) and fixation by shales under reducing conditions, as indicated by
the high chlorite content. This process is in accordance with upward migration of fissiogenic
REEs reported in previous studies (Bros et al., 1995). The 23OTh/234U activity ratio is unity at
10.83 m and 10.25 m which indicates that the accumulation of 234U is slow, or that the deposition
is old (> 350 000 ka), i.e. in both cases subsequent ingrowth of 230 Th has achieved a state of
transient equilibrium.
c) A level of oxidized pelites (7.85 to 9.40 m) having 2 3 4 TJ/ 2 3 8 activity ratios slightly greater than
unity. A decrease of the 23OTh/234U activity ratio with increasing depth is observed, which reaches
a lowest value of 0.87 at 9.40 m. This is accompanied by a progressive increase of the U content
(3.8 to 135.6 ppm) and chlorite content. This indicates the downward penetration of a redox
front which has caused the disappearance of organic matter, the dissolution of inherited minerals
(mostly chlorite), and the gradual removal/reprecipitation of uranium towards the bottom. This
redox front didnot affect the reactor. The main accumulation of uranium is located at 9.40 mand
petrographically marked by the occurrence of small sub-vertical veins filled by goethite, which
progressively replaces the shale clayey matrix towards the bottom.
The rate of frontal movement R can be deduced with a certain level of confidence, considering the
distance d between the highest 23OTh/234U activity ratio of unity and the minima :
R = d / T230

T230 = 75 200 In2 = 108.5 Ka

(Osmond et al., 1983)

The estimated rate of downward redox front movement is 1.5 m / 100 000 years (1.5 cm Ka"1),
assuming a distance of 1.6 m.

#BAX 8 profile :
a) In the soil which forms the uppermost part of BAX 8 (2.70 m to 3.97 m), the 23OTh/238U activity
ratio is at or near unity. The 234U/238U activity ratio is greater than unity and the activity of 238 U
(54.3 to 130.5 mBq/g)is higher than in underlying weathered pelites. These excesses are ascribed
to the presence of humic substances produced by decomposition of plants and roots at this level.
Organic substances having high complexation capacities (Zhang et al., 1996) may have fixed
recently uranium enriched in 234U supplied by surface waters circulating through the soil. The
234
U/238U activity ratio increases with increasing depth (up to 1.24). This indicates the increase
of the reducing capacity of the soil with increasing depth and the loss of the oxidizing capacity of
surface waters.
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238

U

shales
Fe-crust

depth

U/38 U. activity ratios ofBAX 8 samples

b) In weathered pelites (4.85 m to 7.20 m), illite is the main component with minor feldspar,
goethite and hematite, and chlorite is absent (Salah and Gauthier-Lafaye, 1997). The 234U/238U
activity ratio is at or near unity and the U content records low values (2.6 to 4.3 ppm) between
4.85 m and 6.10 m. This is contradictory with low Th/ U activity ratio (down to 0.58 at 5.45
m) which indicates a rapid accumulation of uranium without fractionation of the 234U/238U
activity ratio. Therefore, two stages are considered: a old oxidative leaching when dissolution of
chlorite and intense removal of uranium took place, followed by a recent (<350 000 Ka) fixation
of low quantities of U onto weathered pelites.
c) In deeper weathered pelites (6.45 m to 7.20 m), the 234U/238U activity ratio is at or near unity.
The activity of 238U increases with increasing depth (103 to 627 mBq/g) and the 23o Th/ 234 U
activity ratio decreases from 0.94 to 0.87. The lower 23OTh/234U activity ratio at 7.20 mis related
to a relatively high amount of goethite and the absence of chlorite (Salah and Gauthier-Lafaye,
1997). Therefore, this zone may correspond to the upflow of a downwardlypenetrating oxidizing
front which caused the dissolution of chlorite, the newformation of goethite and the
remobilization/reprecipitation of uranium towards the bottom, the same process as described in
BAX 3 (see previous chapter). The main accumulation of uranium is thought to have occurred
between 7.20 and 8.50 m, although the lack of data so far do not allow to precise its location.
d) In a level of reduced black shales (8.50 m) andFe crusts (9.14 m; 10.30 m; 10.52 m) enriched in
goethite and hematite, the activity of 238U reaches high values in deep samples, up to 4367 mBq/g.
From 10.30 m to 8.50 m, the 234U/238U activity ratio increases from 0.90 to 1.07, and the
230 n
Th/ 234 U activity ratio increases from 0.66 to 0.93. In a Thiel diagram (fig. 8), the 234U/238U
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and Th/ U activity ratios display a nearly linear relationship and both activity ratios increase
with decreasing depth. This disequilibriumpattern suggests 1) an upward preferential mobilization
of 234 U (caused by recoil mechanisms) towards the top of the shales, and 2) a downward
removal/reprecipitation of uranium related to a redox front which is marked by important
accumulations of Fe (III) minerals (goethite, hematite) and high U concentrations. This front
affected the deepest shales in BAX 8, which is not the case in BAX 3. The existence of two
oxidized zones separated by a reduced shale layer in BAX 8 can be explained by the fracturation
of shales, a possible pathway for oxidizing waters coming from the surface.
e) The Fe-oxide crust located at 10.52 m, immediatly above the reactor display different
characteristics. It falls in the "forbidden zone", corresponding to the situation inwhich 2 3 4 Uisat
the same time in excess of 238U and deficient relative to 230 Th (Osmond et al., 1983). This can be
explained by the influence of lateral circulations of groundwaters at the sandstones/shales
interface and by a complex multi-stage history (i.e. not steady state system) with sudden changes
in flow regime at this level.

Core; depth (m)

234

T h

230Th

24.1 d

75 200 y
BAX3; 6.52
0.048 (7)
0.068 (5)
BAX3; 6.90
0.16 (2)
BAX3; 7.85
0.78 (1)
BAX3; 8.54
0.83 (5)
1.46 (2)
BAX3; 9.40
l . t l (9)
1.15 (7)
2.21 (9)
BAX3; 10.25
0.55 (4)
0.73 (8)
BAX3; 10.83
35(3)
55(6)
BAX3; 11.70
25(2)
37(6)
BAX3; 11.75
BAX3 11.75Mor* 7.76 (1)
BAX3; 11.80 FP 7220 (29) 6390 (96)
1290 (55) 1753 (79)
BAX3; 12.15
18.1 (9)
29(2)
BAX3; 13.17
1.8 (2)
BAX3; 14.06
5.3 (9)
BAX8;
BAX8;
BAX8;
BAX8;
BAX8;

4.48 (3)
10.30
2.93 (4)
10.52
10.90 AP 20.3 (2)
10.90 FP 7100 (21)
12.10
13.7 (7)

BAX15; 13.05

13.8 (3)

226

Ra
1602 y

0.057 (9)
0.12 (1)
0.65 (2)
2.40 (4)

0.82 (7)

41(2)
137 (5)
64.77 (1)
7920 (40)
1015 (50)
19(1)
34(1)

214

Pb
26.8 m
0.045 (4)
ND
0.13 (1)
ND
ND
1.40 (5)
0.59 (3)
33(2)
106 (5)
ND
ND
1108 (38)
20(1)
26.3 (9)

214

Bi
19.7 m

2.o p b

0.046(3)
0.067 (2)
0.13 (2)
0.70 (1)
2.19 (1)
1.35 (5)
0.56 (2)
32(2)
107 (4)
4.46 (2)
8710 (9)
1182 (48)
19(1)
27.5 (8)

22 y
0.049 (3)
0.617 (7)
0.19 (1)
0.73 (1)
2.66 (3)
1.92 (7)
0.92 (4)
45(2)
156 (7)
45.39 (1)
4740 (19)
614 (22)
30(2)
38.2 (9)

2.9 (1)
3.5 (2)
24.8 (9)
6430 (83)
30.5 (4)

3.14 (5)
6.05 (7)
107 (1)
7280 (36)
33.3 (9)

ND
ND
ND
ND
ND

2.98 (1)
4.85 (2)
87.6 (2)
7810 (8)
23.2 (1)

3.22 (2)
6.21 (5)
209 (1)
4030 (16)
36.9 (1)

11.3 (4)

9.4 (2)

ND

8.2 (1)

9.9 (1)

Table 3 : Activity of 234 Th, 230 Th, 226Ra, 214 Pb, 214Bi, 210 Pb expressed in Bq/g and determined by y
spectrometry. AP = argjle de pile (hydrothermal clay); FP = fades pile (reactor core); Mor =
Morgan's solution (Na acetate); * = activity calculated for 1 g of leached powder; ND = not
determined.
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5.b. ""Ra - " u T h disequilibria

Radiochemical data obtained by y-spectrometry are shown in Table 3 which include the activity of
234
Th, 230 Th, 226Ra, 214 Pb, 214Bi and 210 Pb. 226Ra (t1/2 = 1602 years) is commonly found in excess
relative to its immediate precursor 230 Th in natural groundwaters due to the higher solubility of Ra.
The activity of radium varies from 0,1 Bql'1 in diluted surface waters to 20 Bq I 1 in brines (Gascoyne,
1989). This generally leads to a depletion of 226Ra relative to 230Th in rocks that have been altered
recently. At Bangombe, several zones are identified regarding the variations of the 226Ra/230Th
activity ratio :

•

In the reactor core, 226Ra is in slight excess relative to its precursor 230 Th. The 226Ra/230Th
activity ratio is 1.24 in sample BAX3 / 11.80 m and 1.13 for sample BAX8 /10.90 m. This
indicates a recent (< 8000 years) uptake of Ra vehiculated by groundwaters.

•

In hydrothermal clays located at the immediate vicinity of the high-grade U-ore, 226Ra is in
significant excess relative to 230Th. The 226Ra/230Th activity ratio is 3.7 in sample BAX3/11.75
m and 4.3 in sample BAX8 / 10.90 m. This also indicates a recent accumulation of Ra from
groundwaters at this depth. The activity of226 Rain the Morgan solution (sample BAX3 /11.75
m) is 65 Bq per gram of leached sample, representing half of the total activity of the sample.
Since there is no carbonate in the sample, most of this excess 226 Ra is thought to be adsorbed onto
clay minerals.

5.c. Short-lived

•

214

Pb,

214

Biand 210 Pb

In the reactor core, 210Pb (t1/2 =22 y) is significantly depleted relative to 226 Raandits short-lived
precursor 214 Bi(t 1/2 = 19.7 m). The 210Pb/226Ra activity ratio is 0.6 in sample BAX3/11.80 mand
0.55 in sample BAX8/10.90 m. This suggests a recent (< 100 years) loss of Pb from uraninite and
subsequent leaching by groundwaters.
In hydrothermal clays, 210Pb is in excess relative to 226Ra; the 210Pb/226Ra activity ratio is 1.14
in sample BAX3/11.75 m and 1.95 in sample BAX8/10.90 m. Therefore, as described in the
previous section, Pb which has been remov ed from uraninite appears to have been accumulated
recently (< 100 y.) onto clays located at the immediate vicinity of the reactor. The low
214
Bi/226Ra activity ratio of these samples (0.78 in BAX3/11.75 m; 0.82 in BAX8/10.90 m) is
ascribed to a recent loss of intermediate 222Rn radionuclide (t1/2 = 3.8 d) by gazeous diffusion.
In reducing black shales and oxidized/shallow pelites, like for hydrothermal clays, 210Pb is also in
significant excess relative to 226Ra. The 21°Pb/226Ra activity ratio ranges from 1.02 to 1.58 and
reaches a high value of 10.8 in sample BAX3/6.90 m which corresponds to a zone where Pbhas
accumulated during the last century.
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6. Conclusion - A conceptual model for the spatio/temporal evolution of Bangombe
Schematically represente don Figure 9 is a proposed model for the evolution of the Bangombe system.
The strongest disequilibria are found in the hydrothermal clay halo and along the uppermost
sandstone fractures located at the immediate vicinity of the reactor core (BAX3, BAX8). The high
rate of uranium mobilization at this depth may be attributed to lateral circulation of oxidizing
groundwaters at the sandstones/shales interface which is thought to be a zone of high hydraulic
conductivity. Less likely is the possible radiolysis of water at the contact with the reactor zone and
the high-grade mineralization leading to the oxidation of U (IV) to U (VI) and its subsequent removal
and transport towards the far-field.

T

Erosion : 1 5 m . Ma "^

I

cipitation

t

•

t
oxidized
pelites
redox front

U, REE, Mo

;

reducing
shales
reactor zone

mineralized
sandstones

350 000 < T

< 1 500 000 y.

Figure 9 : Hypothetic evolution of the Bangombe system; lithological units, mineralogical
transformations and mass-transfers incurred during supergene alteration and along possible
groundwater pathways

Above the reactor zone, upwardmigrations and fixation of uranium took place recently, although the
mechanism of transport (advective transport or simple diffusion) is not clearly understood so far.
This process is related to upward migrations of 235U-depleted uranium and fission products released
from the reactor core (rare-earth elements, molybdenum) which has been previously reported (Bros
et al., 1995). The upper part of the shales shows oxidation effects related to the percolation of
oxygenated waters from the surface. This has produced downward migrating redox fronts which
dissolve inherited mineral phases, mostly Fe(II)-bearing chlorite, producing secondary alteration
phases such as goethite, kaolinite and halloysite. Coevally, uranium has been dissolved, transported
and reprecipitated near the bottom of the shales. At the redox interface, Fe (II) is oxidized to Fe (III)
and precipitates as goethite, while U(IV) is oxidized to U(VI). The U/Fe coupling at the
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oxidizing/reducing interface resulted in the coprecipitation and/or the scavenging of U(VI) by
sorption onto the surface of precipitated Fe (III) goethite (Bruno et al., 1995). Although difficult to
estimate with a high level of accuracy, the chronology and time-scale of migration events can be
deduced. Two possible models of evolution for groundwater flow and the related transport of uranium
are suggested: 1) a competitive oscillation of upward and downwardeffects which can be explained by
fluctuations of the water table. The accumulation of uranium towards the top is slow and allows
ingrowth of230Th to reach a state a radioactive equilibrium. The accumulation of uranium towards the
bottom is comparatively far more rapid as indicated by strong disequilibriaof the 23OTh/234U activity
ratio; 2) more probable, a discontinuous evolution in which upward and downward migrations of
uranium took place at two different stages. When the erosion surface level was higher, upward
migrations may have occurred from the reactor zone up into the overlying reducing black shales (fig.
9). This occurred between 350 Ka and 1.5 Ma ago. Then, erosion, accompanied with a downwardly
penetrating redox/weathering front, continued until recently (<350 Ka) when the redox front began
to penetrate into the reducing black shales. The estimated rate of downward redox front movement
is 1.5 m / 100 000 years which also corresponds to the erosion rate if we assume that erosion plays a
dominant role over the rate of movement of the redox front. This value is rather similar to those
determined at Po 90s de Caldaswhere the rate of front movements varies between 2 and 20 m My'1 for
two fronts where oxidized rocks overlies reduced rocks (McKenzie et al., 1992).
Finally, disequilibria observed between 226Ra and short-lived 214 Pb, 214Bi and 210 Pb reveal that the
Bangombe system has remained hydrodynamically active duringthe last century. A striking feature is
the recent (<100 years) loss and leaching of Pb from the reactor core and the high-grade uranium ore,
and its subsequent accumulation in surrounding shales.
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RADIONUCLIDE AND COLLOID MIGRATION EXPERIMENTS
UNDER DEEP GEOLOGICAL CONDITIONS IN THE
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Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan
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Atomic Energy of Canada Ltd., Pinawa, Manitoba ROE 1L0 Canada

1. INTRODUCTION
In concepts for the disposal of high level wastes, one of the roles of the geosphere is to
serve as a natural barrier to radionuclide migration by retarding the movement of any radionuclides
released from the waste to the biosphere. Retardation of radionuclide transport results from the
interaction of dissolved radionuclides with the minerals present in fractures that form flow paths for
the groundwater and with the surfaces of the interconnected pore space in the rock matrix
surrounding a disposal vault. The interactions between radionuclides and geological surfaces are
complex and are controlled by a large number of parameters including the chemical behaviour of the
radionuclide, the chemical and mineralogical properties of the geological surface and the chemical
composition of the groundwater, including the concentration of major and minor species, pH, Eh,
and competing species. For the most reliable predictions of radioactive nuclide migration under the
depth, one needs to understand the actual behavior of the nuclides concerned under natural
geochemical conditions. For this purpose, we have performed a series of migration experiments in
a specially designed facility at the 240 level of AECU s Underground Research Laboratory (URL).
This laboratory is owned and operated by Atomic Energy of Canada Limited and was excavated in
a granitic rock mass, the Lac du Bonnet batholith which is situated at the edge of the Canadian
Shield in SE Manitoba. These experiments were performed in columns of crushed material taken
from a major fracture zone in the URL and using reducing groundwater obtained directly from this
fracture zone. By pumping this groundwater directly from the fracture zone into the crushed rock
columns, exposure to atmospheric oxygen was avoided and in situ conditions maintained. The
results obtained from the one-dimensional migration experiments performed in columns of crushed
fracture infilling materials in the URL showed that retardation of radionuclides tended to be higher
than predicted on the basis of static sorption data obtained under a controlled atmosphere.13) Also,
the importance of performing migration experiments in natural fractures and the power of a
radiometric analysis of the flow field at the completion of these migration experiments has been
suggested by the results obtained in the Large Block Radionuclide Migration Facility (LBRMF) at
AECLResearch's Whiteshell Laboratories.46)
Based on these experimental results, a new facility, the Quarried Block Radionuclide
Migration Facility (QBRMF), has been designed at the 240 level of the URL to perform
radionuclide and colloid migration experiments in a natural fracture in a quarried granite block
under in-situ geological conditions. The QBRMF has been constructed adjacent to a natural,
vertical, water-bearing fracture, JZ2, the only water bearing fracture at the 240 level of the URL.
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This fracture hangs, curtain like, from a subhorizontal fracture and terminates just below the 240
level. It is partially filled with calcite and, chlorite and hematite. The groundwater in this fracture
had an Eh of ~ -200 mV (against a SHE), a pH of -8.5 and a total dissolved solids concentration of
~ 440 mg/L. Blocks of granite containing part of JZ2 were excavated from the wall of the QBRMF
and used in radionuclide and colloid migration experiments with groundwater pumped directly from
JZ2 into the blocks.

2. EXPERIMENTAL
2.1 Granite Blocks
The QBRMF was excavated using a combination of drilling, mechanical rock breaking, and
diamond wire sawing, and an alcove was extended through JZ2 to provide access to a undisturbed
area of JZ2. Blocks of granite with dimensions of 1 x 1 x 0.7 m, each containing a natural
fracture, were removed from JZ2 using the diamond wire saw. Prior to the final cuts, stainless
steel straps were wrapped around the blocks to ensure that the integrity of the fractures was
maintained. Two blocks were selected for the migration experiments, one for in situ conditions
(Block A), the other using oxygenated groundwater (Block B). The surfaces of these blocks were
sealed with a silicone coating and stainless steel plates, each containing tree access ports, bolted to
the sides of the blocks. The 6.4 mm thick stainless steel plates containing the inlet and outlet ports
have been attached to the outer surfaces of the blocks, using stainless steel anchors and 6.4 mm
stainless steel bolts. The distance between the ports ranges from ~ 210 mm to ~ 1240 mm.
2.2 Hydraulic Characterization
The fractures were characterized hydraulically by determining the pressure required to
maintain a given flow between pairs of inlet and outlet ports. An HPLC piston pump was valved
into the line leading from the expansion tank. The outlet of the HPLC pump was connected to one
of the 12 ports leading to the fracture. A water manometer was installed at the inlet port. With the
exception of a single outlet port, all other ports were closed. Water was pumped at a flow rate
between 10 and 400 mL/h through the block and the head of water in the manometer, required to
maintain steady flow, recorded. The pressure differential between each pair of ports was
determined in this manner. In total, 108 individual hydraulic tests were performed for each of the
two blocks. These measurements provide data between two ports in both directions.
2.3 Migration Experiments
2.3.1 Radionuclide migration experiments
Radionuclidc migration experiments were performed between one inlet and one outlet port
at a flow rate of 5 mL/h using 3H2O /^NpO/Z^Pu and 3H2O /95mTc04\
An aliquot of groundwater from JZ2 has been taken for the preparation of injection
solutions for the migration experiments. The groundwater containing nominal concentrations of
1000 Bq/mL 3H2O, 100 Bq/mL 237Np and 100 Bq/mL 238Pu and the groundwater containing
nominal concentrations of 1000 Bq/mL 3H2O and 4000 Bq/mL 95mTc were prepared for migration
experiments. After adding the radionuclides, the groundwater was filtered through a 0.45 [xm filter
and analyzed radiometrically by gamma and alpha spectrometry. A volume of -100 mL of each
radionuclide-containing groundwater was injected through each block (Block A and B) using a
flow rate of 5.0 ml/h. The injections were followed by eluting with groundwater from JZ2 at the
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same flow rate. Samples of eluted groundwater from the migration experiments were analyzed by
Liquid Scintillation Counting (LSC) for 3H2O and by alpha spectrometry for 237Np and 238Pu. As a
double check on the accuracy and precision of alpha spectrometry, samples of eluted groundwater
were analyzed by gamma spectrometry for 237Np. Samples of eluted groundwater containing 95mTc
were analyzed by gamma spectrometry.
2.3.2 Colloid migration experiments
Colloid migration experiments were performed using colour coded fluorescent colloids with
diameters ranging from 0.034 - 1.0 [Am. Negatively charged latex spheres containing carboxylate
modified surface groups have been obtained in four different sizes and with different fluorescent
dyes. The following table summarizes the type of colloids for the migration experiment.
Size (nm)
0.034 ± 0.005

Color
red

Excitation (nm)
580

Emission (nm)
605

0.19 ± 0.005

Nile red

520

580

0.56 ±0.011
1.0 ±0.025

yellow-green
blue

490
360

515
415

The different colloid types have been injected separately, along with bromide to mark the
groundwater velocity for each tracer injection. Three injections with different size fluorescent latex
spheres were performed through the fractures in both blocks with following sequences:
1. Red (0.034 fxm) + Blue (1.0 (xm) + 1000 mg/L Br
2. Nile Red (0.19 (iirn) + 1000 mg/L Br
3. Yellow Green (0.56 Mm) + 1000 mg/L Br
These injections were performed at the same flow rate as used in the migration experiments with the
radioisotope tracers, i.e., 5 mL/h. In each colloid migration experiments, a volume of 100 mL of
colloidal solution was injected. The concentration of the red and blue spheres used in the first
injection was 400 mg latex/L for each while the concentration of the red spheres used in the second
injection was 2000 mg latex/L. For the third colloid migration experiment, yellow-green latex
spheres with a diameter of 0.56 |xm were injected at a concentration of 2000 mg latex /L. The
colloid concentrations in the eluted groundwater were determined on 3 mL volume samples using a
fluorometer. Fluorescence standards were prepared from samples of the solution injected into the
granite blocks. After the colloid analyses have been completed, the samples were centrifuged to
remove colloids, and then submitted for bromide analysis.
2.4 Post Experimental Analysis
At the completion of the experiments, the blocks were separated at the fracture and the
surfaces photographed under visible and UV light and alpha- and gamma-scanned to obtain
information on the distribution of the colloids and radioisotopes remaining on the fracture surfaces.
The two granite blocks A and B, that had been used in the radionuclide and colloid migration
experiments in the QBRMF in the URL were shipped to the laboratory in the Whiteshell
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Laboratories for the post experimental analysis of the flow field in the Blocks. The stainless steel
plates that were bolted to the external surfaces of the block and the neoprene gasket material used
with the plates to seal the perimeter of the fracture were removed from the block. No radioactivity
could be detected on the surfaces of the block under the stainless steel plates. This indicates that the
neoprene and the silicone coating on the surface of the blocks formed a proper seal and that no flow
of water had occurred between the external surfaces of the block and the neoprene gasket material
used between the plates and the block surfaces. Using a small hydraulic jack mounted on the angle
iron, the fracture was separated very slightly at each of the four corners by jacking on the upper
frame. To prevent the spread of loose radioactive contaminants when the fracture was separated and
to contain any volatile material such as H2S, using the overhead crane, the lifting yoke was installed
on the upper half of the block and polyethylene sheeting was used to form a seal between the top of
the block and the edges of the stainless steel tray on the four-wheeled dolly. The fracture was
separated by lifting the yoke with the overhead crane. The polyethylene sheeting was then
removed, the upper half of the block raised using the overhead crane and the upper fracture surface
inverted using the lifting yoke. The fracture in Block A separated cleanly. The fracture surface is
coated with large patches of grayish secondary minerals, most likely calcite. No smell of H2S was
noted when the polyethylene sheeting was removed. The upper half of the block was placed under
the gamma scanner system for gamma and alpha scanning of the fracture surface. The pitch selected
for the gamma scanning is 30 mm. The overall dimensions of the surfaces are -100 x -100 cm,
and the approximate number of locations where gamma spectra are recorded is (100/3)2 = -1090.
The counting period has been set at 1000 sec. Np-237 has two, very low energy gamma rays, at 29
and 86 keV. These are difficult to measure with reasonable accuracy and precision. Instead, since
by this time the 237Np should be in equilibrium with 233Pa, we are using the 233Pa peak at 311 keV
to detect the presence of 237Np. The alpha scanning was carried out using a pitch of 50 mm and a
count time of 10 minutes at each location.
To study the movement of colloidal material through the fracture in Blocks, the fracture
surfaces were illuminated with a UV light. The UV light causes the different dyes associated with
the different sizes of colloids injected through the fracture to fluoresce and the flow paths of the
colloidal material through the fracture can be seen and photographed. A small study was carried
out to determine the wavelength of UV light best suited for photographing the fluorescing colloidal
material.
2.5 Microbiological Analyses
To gain a better understanding of the transport behaviour of the multivalent radioisotopes
95m
237
Tc, Np and 238Pu in the natural fractures in Blocks A and B, information on the microbial
activity in groundwater samples used for the migration experiments was obtained. Samples of
groundwater have been collected in sterilized polyethylene bottles and were analyzed for microbial
populations.

3. RESULTS AND DISCUSSIONS
3.1 Hydraulic Characterization
Based on the assumptions of that the permeability measured between two ports represents
that along a line between these two ports and that a cubic relationship exists between permeability or
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transmissivity and fracture aperture, the approximate fracture aperture, b, was calculated using the
relationship

\hnpg
where in = viscosity of water in g/cm.sec
Q = volumetric flow rate in cm3/sec
L = distance between two ports in cm
d = diameter of the inlet or outlet port in cm
A/t = pressure in cm of water
p = density of groundwater in g/cm3
g = gravitational force in cm/sec2
Using this relationship, values for b from <20 to 230 |xm were obtained.
To obtain an image of the spatial fracture aperture width distribution, each of the inlet/outlet
ports was assigned an (X, Y) value, using the corner between ports 1 and 12 as the (0,0) coordinate
(Figure 1). The line segment linking two ports was subdivided into four equal segments and the
(X, Y) coordinates of each node calculated. The calculated b value for the particular inlet/outlet port
combination was assigned to the five nodes along this line. This produced nine values for each
node (from each of the nine ports used in conjunction with the given port) and an array of values
for the nodes that were not associated with the 12 ports. Somewhat arbitrarily, the b value
assigned to a port was set equal to the maximum value for that port. Similarly, for any point on the
fracture aperture that had duplicate values, the maximum b value was used. This treatment
produced a large number of (X, Y, b) values which were then used as input data into a computer
program to calculate contour plots. The resulting plots are given in Figures 2 (a), and (b) for
Blocks A and B, respectively. The results from the hydraulic characterization showed heterogeneity
in the distribution of the transmissivities in the fractures in both blocks.
On the basis of these results, flow paths were selected in each of the two fractures for
migration experiments with radioactive tracers and colloids. Ports 3 and 9 were selected for Block
A and ports 1 and 7 for Block B. Ports 3 and 1 in Blocks A and B, respectively, were selected as
injection ports.
3.2 Migration Experiments
3.2.1 Neptunium and plutonium migration experiments
Samples of eluted groundwater have been analyzed for 237Np using alpha spectrometry.
Elution profiles obtained for the injection of 3H2O and 237Np through Blocks A and B are shown in
Figure 3 (a), and (b) respectively. There appears to be no evidence of retardation of 237Np through
either block, even though the Eh of the groundwater from JZ2 continues to be quite strongly
reducing, with an Eh of ~ -200 mV. By contrast, no 238Pu was observed in the eluted groundwater
suggesting that this tracer was retained in the fractures.
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3.2.2 Technetium migration experiments
Elution profiles obtained for the injection of 3H2O and 9MnTc through Blocks A and B arc
shown in Figures 4 (a), and (b) respectively. The elution profiles indicate a more rapid decrease in
the tailing of the 95mTc elution profile compared to that of the 3H for both blocks. The clution
profiles would appear to indicate that no retardation of 95mTc has occurred. However, summing the
concentrations for the samples that have been analyzed indicate that 51% of the injected ^"Tc was
transported without retardation in Block A, compared with 79% for Block B. This is at least
qualitatively consistent with the fact that the water in Block B was oxygenated. The tailing of the
95m
Tc in the elution profiles obtained for both blocks was less pronounced than that obtained for
3
H2O. This trend is opposite that normally observed, i.e. the tailing of a tracer is more gradual than
that of a conservative or non-sorbing tracer. The relative fraction that was not eluted, defined as
(3H2O-95mTc)/3H2O is plotted in Figure 5. These curves show a clear relationship between eluted
volume and fraction retained in the fracture. This behaviour can be seen as a kinetically slow
retardation process that may be controlled by a kinetically slow redox reaction. The initial high
values for Blocks A and B may be due to poor precision of the radiometric analyses and can
probably be ignored. The retention of 95mTc started slightly later in Block B and this is consistent
with the fact that the groundwater was oxygenated before it was injected into the fracture. Under
those conditions, it took slightly longer for the 9SnTc to be chemically reduced into a sorbing
species.
3.2.3 Colloid migration experiments
The elution profiles for the colloid migration experiment are shown in Figures 6. The
results obtained for the migration experiments in Block A show sharp increases in the colloid
concentrations for the 0.19 and 0.034 [im colloids at ~ 200 - 500 mL of elution volume with
maximum C/Co values of 2 ~ 5 x 10~3 (Figure 6(a)). The results for the 0.56 \im colloids are less
distinct; the relatively high C/Co values at low eluted volumes are due to some interference from the
colloids that were injected previously. The increase in concentration for the 1.0 \im colloids occurs
later and is less distinct than that for the 0.19 and 0.034 pun colloids. The results obtained for the
migration experiments through Block B arc more consistent and show an increase in colloid
concentration in the eluted solution at 300 - 500 mL of elution volume (Figure 6 (b)). The relatively
high background of the yellow-green 0.56 (xm colloids is again due to interference from the earlier
injections. In all colloid migration experiments, maximum C/Co values of the elution profiles are
very low and almost all of colloids injected are remaining in the fractures.
3.3 Post Experimental Analysis
3.3.1 Alpha and gamma scanning
The results obtained by alpha and gamma scanning were used as input data for a
commercially available 3-dimcnsional plotting program. This program has been used to generate
the surface activity profiles shown in Figure 7 (upper fracture surface of Block A). In all figures,
the inlet port was located on the right hand side of the figures, approximately 300 mm from the
bottom. The outlet port was located on the left hand side, approximately 300 mm from the top. It is
clear, from the alpha activity profile, that the bulk of the injected Pu was sorbed near the inlet.
Also, the alpha distributions clearly show the presence of two flow paths. The gamma scanning
results for Np and Tc showed some amounts of sorption of these nuclides on the fracture surface
along these main flow path under reducing conditions. These are consistent with observations of
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elution profiles of 237Np and 95mTc, that is, lower peak height of neptunium than that of tritium, and
the retention of 9SmTc. The spots indicating the locations of 237Np are not coincident with the spots
indicating the locations of 95mTc sorption and suggesting the difference of sorption sites between
two nuclides on the fracture surface. Further sorption studies of these nuclides on the fracture
filling materials are required to clear this difference.
3.3.2 UV photography
The photographs of the upper and lower fracture surfaces taken using UV and natural
lighting. An exposure time of 5-6 minutes was required to obtain a suitable photograph of the
fluorescent colloidal material. The photographs using a UV light showed the differentiation of
colloid distribution by particle size. The differentiation of colloid distribution is consistent with the
fracture width distribution obtained from hydraulic characterization (Figure 2). Dark patches of
with no color colloids were observed on the fracture surfaces under a UV light and indicated the
strong evidence that fractures remained partially sealed during excavation and subsequent handling.
3.4 MicrobiologicalAnalyses
Groundwater samples taken from JZ2 have been analyzed for microbial populations. No
sulfate-reducing bacteria (SRB) was detected and biofilm-producing bacteria was observed in the
groundwatcr from JZ2. However, some SRB were detected in the groundwater samples from
outlets in both Blocks A and B. More anaerobic bacteria associated with water from Block A than
from Block B was observed. Detected aerobic bacteria was about the same in both blocks. Further,
spiral or sigmoid bacterium, possibly Thiospirillium, was detected only the nylon outlet tubing
from Block A. This bacterium required anaerobic environment, H2S and light. This bacterium was
not observed in tubing leading from Block B. These results suggests that redox conditions in the
fractures were controlled by bacterial activities and kept reducing conditions, and in Block A was
more reducing conditions than in Block B. This is at least qualitatively consistent with the fact that
the water in Block B was oxygenated.

4. CONCLUSIONS
The results showed that the fracture surfaces are mineralogically heterogeneous and that
mass transport occurred along at least two distinct flow paths. Retardation of the Tc and Np was
lower than anticipated based on results obtained in migration experiments performed under similar
conditions in columns of crushed granite. Retardation of Pu was very high with most of the
injected Pu was retained near the inlet. Microbiological investigations suggest the presence of
sulfate-reducing bacteria in the fracture that was maintained under in situ chemically reducing
conditions. Colloid transport was affected by the size of the colloids.
The results obtained from these experiments confirm the complexity of the flow paths in the
geosphere, both on the basis of mineralogy and hydrology. Redox processes in natural fractures
can be kinetically slow and long residence times may be required to completely reduce multivalent
elements to a lower oxidation state. Microbial activity in the fractures may contribute to the
transport behaviour of multivalent radionuclides.
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Figure Captions
Figure
Figure
Figure
Figure
Figure
Figure

1 Location of the inlet/outlet ports attached to the outer surfaces of the blocks.
2 Calculated fracture aperture width distribution in Blocks A :(a), and B :(b).
3 Elution profiles of 3H and 237Np through Blocks A :(a), and B :(b).
4 Elution profiles of 3H and 95mTc through Blocks A :(a), and B :(b).
5 Relative fraction that was not eluted through Blocks A and B (see text).
6 Elution profiles for the colloid migration experiments.
(a): the results obtained for the experiments in Block A,
(b): the results obtained for the experiments in Block B.
Figure 7 Results obtained by alpha- and gamma-scanning on the upper fracture surface of Block A.
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Figure 1 Location of the inlet/outlert ports attached to the outer surfaces of the blocks.
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Figure 2 Calculated fracture aperture width distribution in Blocks A :(a), and B :(b).
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Figure 3 Elution profiles of ^H and 2-37js.jp through Blocks A (a) and B (b)
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Figure 4 Elution profiles of 3H and 95nTc through Blocks A :(a), and B :(b).
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LABORATORY SIMULATION TESTS OF RADIONUCLIDE AND
STABLE ELEMENT MIGRATION IN LOESS AERATED ZONE
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Abstract
According to the program of the cooperative project "Safety Assessment
Methodology for Shallow Land Disposal of Low Level Radioactive Wastes (1995-2001)"
between CIRP and JAERI,
laboratory simulation tests for studying migration of
radionuclides (237Np,238Pu and '"Sr) and stable elements (Ce, Nd and Sr) in loess aerated zone
have been conducted with soil columns since 1997. This paper describes test method, placing
emphasis on how to establish and measure the stable unsaturated water flow, presents
preliminary result of 237Np migration. The tests are now being continued. Two test columns
will be open- cut several months later, and others 2 years later to take soil samples and
analyse concentrations of both radionuclides and stable elements.

Since 1995, CIRP and JAERI have conducted a cooperative project " Safety Assessment
Methodology for Shallow Land Disposal of Low Level Radioactive Wastes " . Paper presented
at NUCEF'98 by S. Li and N. Kozai, et al m outlines the plan and progress of the project. The
project includes main tests as follows:
(1) Field tracing tests
Nuclide migration tests in aerated zone under natural conditions and artificial rainfall
conditions, respectively.
Nuclide migration in aquifer at depth of 30m in a underground research facility.
(2) Simulation tests
Laboratory simulation tests of nuclide migration in aerated zone under artificial rainfall
conditions.
Simulation tests of nuclide migration in aquifer, conducting in the underground research
facility.
In each test radionuclides (237Np, 238Pu, 90Sr) and stable elements (Ce, Nd, Sr) are used as
tracers. In some tests 3H, or 131I, or Br are selected as tracers for measurement of water flow.
This paper describes the laboratory simulation tests of nuclide migration in aerated zone,
with emphasis on test design how to establish and measure the unsaturated flow in test
columns, introduces the preliminary result of 237Np migration test.
1. Description of the tests
The tests are performed in four soil columns, two of them are used for radionuclides,
other two for stable elements. Each test installation consists of a column, a sprinkler and a
wick rope. A gamma detector is used to measure movements of 237Np, ""Pu and 131I from
outside of each column. It is also used to measure water content and soil density by dual
gamma scanning technique P1. Fig.l shows the test arrangement. Column dimensions and
tracer amounts are summarized in Table 1.
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Fig.l The installation the simulation test
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Table 1. Basic Parameters of Tests
Column
No.

Dimension of
column (mm)

Wall thickness
(mm)

Amount of tracer
238p u

1

0280X1200

20

237

20

237

Np
^Sr

238p u

2

$280X1200

w

3

0280X1200

20

4

0150X1000

10

Np
Sr

Sr
Ce
Nd
Sr
Ce
Nd

8.5X10 5 Bq
4.7X10 6 Bq
1.5X10 7 Bq
8.5X10 5 Bq
4.7X10 6 Bq
1.5X10 7 Bq
16.5g
5.7g
2.8g
4.73g
1.6 g
0.8 g

Undisturbed soil columns of loess aerated zone were taken from CIRP's Field Test Site, at
the same place the field tracing tests are being conducted. Tracers were mixed with quartz
sand( 40 — 80 mesh), and spread on each top of columns with thickness of 5mm, then
covered by soil with thickness of 10cm. Distilled water sprays for 1 hour per day with density
of 5mm.
Since the action of capillary suction, water content in the upper part of columns would
reach a undesired high level and reach saturation in the lower part, if without any improving
measures. In order to create a stable low water content in most part of a column, a wick rope,
diameter 3cm and length 150cm, made of nylon fiber was firmly contacted with soil at the
low end of each column.
2.

Effect of wick rope

It is evidenced from Fig.2 that wick rope
significantly reduces water content, comparing
without it. The water content created with wick
rope is nearly as the same as water content in the
field tracing tests in aerated zone under artificial
rainfall conditions.
Water retention curve of soil in columns
reveals, see Fig.3, that soil suction potential at
lower part o f the columns with wick rope is about
-250 c m H 2 O when water content is 0.25. T h e soil
suction potential at the lower part of columns
without wick rope is about -20cm H 2 O , and water
content is nearly saturated. S o adopting wick rope
is a simple, effective w a y t o form unsaturated flow
for an aerated zone simulation test.

Water content (%)

°
|

°0
10

20
20

40
40

:

60
withwicking
-without
wicking

20
30
40
50
60
70
80
90

Fig.2 The effect of wick rope
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Fig.3 Water retention curve of column coil

3.

Water movement velocity

To estimate water movement velocity in columns, 3H and 131I were applied as water
movement tracers, and their breakthrough curves were measured, see Fig.4. Concentration
peaks of 3H and I3II in outflow taken 24.2 days and 23.6 days, respectively, to get through
column length of 1200mm. Therefore, water movement velocity averaged over whole column
length is 50mm/d.
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Fig.4 Breakthrough curve of 131,I and H
To find the change of water movement velocity in a column, gamma detector measured
the position of concentration peaks of 131I at different time during it was moving in column.
Fig.5 indicates that water movement velocity at the upper part of column (0-150mm) is 6cm/d,
a little higher than the averaged velocity; at the middle part both velocities are nearly the same.
Although no water velocity data at lower part, it is reasonable concluded that water moves a
little slower at this part than the averaged velocity.

- 414 -

JAERI-Conf

4.

a7

99-004

Np migration
Counting rate (cps)

Fig.6
introduces
the
concentration
distributions, measured by gamma detector
outside test column, of B7Np migration for one
year test. It is shown that 237Np concentration
peak moved only 6mm and 22mm, respectively,
after 56 days and 349 days. Therefore the
retardation factor (Rd, defined as water
movement velocity divided by nuclide migration
velocity) of 237Np are calculated to be 563 and
957 respectively according to results of 56 days
and 349 days. Distribution coefficients (Kd) of
237
Np are obtained as 75 and 127ml/g,
respectively, from following formula:

50

100

200

150

o

Kip

e

90

where
R,,
Kd
P
9
This result
5.

retardation factor
Fig.5 I concentration peak
distribution coefficient, ml/g
positions
bull density of soil, 1.5g/cm3
water content, 0.2.
indicates that Rd, or Kd, increase slowly with increase of test time.

Preliminary conclusions

Adopting wick rope is an effective
approach to keep water content properly stable
and low in test columns. This is necessary for
simulating nuclide migration in unsaturated
soil. By the wick rope used in tests water
content reduces form 0.35-0.40 to 0.25 in the
upper and middle part of the columns, and
from near saturation to 0.30 in the lower part.
The gamma detector outside columns
processes three function in our test: to measure
water content and soil bulk density by dual
gamma scanning technique; to measure water
velocity if I3II used as water movement tracer;
to measure concentration distributions of
radionuclides emitting gamma rays. All these
measurements can be performed at any time
without disturbing tests.
Distribution coefficient of 237Np is 75 —
127 ml/g, increasing with increase of test
time .The migration distance of 238Pu for one
year is too short to distinguish from its original
position for the gamma detector. This means
that 238Pu has much more strong adsorption
ability on soil.
Tests are now being continued. Columns
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will be open-cut at different time in future. It is expected to get migration results of ^'Pu, as
well as ^Sr and stable elements by analysis of soil samples taken from the columns after
open-cut columns.
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I.

Introduction and Scope of the Study

An analysis is made in this paper on the safety of a conceptual geologic repository developed for
disposal of the high-level radioactive waste (HLW) arising from reprocessing of spent nuclear fuel. Three kinds
of repository safety are considered: radiological safety, criticality safety, and proliferation resistance. Based on
numerical results from a repository performance assessment model, features that should be included in a nuclear
fuel cycle to improve the repository safety are discussed.
The repository performance can be assessed by many aspects, such as safety, cost, simplicity in
regulations, and so on. To assess the performance of a geologic repository, scenarios that are likely to affect the
repository performance are developed. Scenarios are broken down into events, for which computer models are
developed. Those models are integrated into an overall performance assessment model. In this paper, three
quantities are considered as performance measures for the repository safety.
The first is the impact on the public health by released radionuclides. Radionuclides are released from
the repository into the surrounding rock, eventually reaching human beings. The radiological safety can be
quantified by evaluating when and how much radioactivities would be taken by human beings.
The second is criticality safety. Energy release due to sustained fission chain reactions by thermally
fissile materials (TFMs) disposed of in a geologic repository could occur if chemical and hydrogeological
processes reconfigure TFMs into a configuration, where the effective neutron multiplication factor keff exceeds
unity. Rock and water slow (moderate) fast neutrons to thermal velocities by collisions with light nuclei,
facilitating fission of the TFMs such as 235U, mU and 239Pu. Reconfiguration of fissile materials could occur by
transport and accumulation of fissile materials from multiple failed canisters. Thus, transport and accumulation
of fissile nuclides in the host rock need to be quantitatively modeled.
The third is proliferation resistance. In countries that are signatories of the Nuclear Nonproliferation
Treaty (NPT), waste materials from safeguarded civilian facilities must remain under safeguards unless they
meet international safeguards termination (1ST) criteria [1]. To qualify for 1ST, nuclear material contained in the
waste must be consumed or diluted in such a way that it is no longer usable for any nuclear activity relevant
from the view point of safeguards, or has become practicably irrecoverable [2]. Otherwise, permanent safeguard
monitoring may be required for a repository, which will result in long-term burden and risk on future
generations. Thus, the mass of fissile materials in the repository needs to be quantified because the more fissile
materials remain in the repository, the more attractive the repository is for the recovery of such materials for
weapons production.
These three kinds of repository safety measures can be quantitatively evaluated by modeling the
temporal evolution of the spatial distribution of radionuclide masses, starting with the initial inventories of
radionuclides in glass logs and the arrangement of glass logs in the repository. A mathematical model has been
established by incorporating multiple-member decay chains, interaction among multiple glass logs, solubility
sharing by isotopes of the same element, diffusional transport in the engineered barriers, and advective transport
in the host rock in the repository, retarded by sorption.

II.

Mathematical Model for Repository Performance

II.l

Configurations of waste form, engineered barriers and repository
In this paper, the Japanese conceptual repository [3] is chosen for the analysis. Granite is considered as
host rock. A repository is assumed to be built under the water table. A total of 40,000 waste canisters containing
a waste glass log would be disposed of by placing them in a two dimensional array fashion. Roughly 100 m2 is
allocated for a waste canister, and the repository has dimensions of 2,000 m x 2,000 m. The engineered barrier
system (EBS) consists of the waste canister, the carbon-steel overpack and the bentonite-filled buffer region.
Radionuclides are released by the alteration of waste glass log from failed canisters. Due to pyrite in bentonite
and the carbon-steel overpack, the pore water in the EBS region is assumed to be in a reducing state. Under a
reducing environment, most actinide elements are hardly soluble in groundwater. Their concentrations in the
groundwater in the vicinity of the glass log reach their solubilities. Bentonite is expected to have a hydraulic
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conductivity more than three orders of magnitude smaller than that of the surrounding host rock. Radionuclides
will be transported away from the glass log by molecular diffusion through the EBS, and then by advection
through the near-field rock. The bentonite will function as a filter for colloids. Presence of colloids is neglected
in this analysis. The hydrological and geochemical conditions are assumed constant in time. The rock and the
buffer are assumed to be homogeneous porous media. The steel overpack is neglected in the present analysis.
II.2

Mathematical Model for Transport of Radionuclides in Repository
To take into account the effects of interference among multiple waste forms, a model is developed,
depicted in Figure 1, where a row of waste forms is divided into compartments. A compartment consists of a
waste glass log, the bentonite buffer, and the near-field host rock. The compartment has an areal extent of d x d.
d [m] is the pitch between two adjacent glass logs.
The cylindrical waste glass log is transformed into a slab geometry with the same interfacial area. The
slab source is assumed to have a width d. Between the slab source and the near-field rock, there are assumed to
be the bentonite regions on both sides of the slab source. Each bentonite region has the thickness of Lh. To
make the surface area of both sides of the slab equal to the surface area, 5, of the original cylindrical glass log,
the hypothetical slab height H is determined as
2dH = S.
(1)
The radionuclides released from the glass log diffuse into the buffer regions, reach near field rock, and
transported by groundwater flow to the next compartment. The volumetric flow rate, F [nrVyr], of water through
the interface between two adjacent compartments, is defined as
F=vHdep,

(2)

where v [m/yr] is the pore velocity of groundwater. z^ is the porosity of the near-field rock. In this analysis, the
groundwater velocity, v, is assumed to be constant spatially and temporally.
Down stream
side

Upstream
side
Uncontami
water

water flow

Side bounary

Figure 1

Schematic representation of compartments and diffusive-advective transport path.

In evaluating the mass of a radionuclide in the glass log, we consider radioactive decay and mass
release from the glass log to the buffer. The mass m"(J\t) [mol] of radionuclide n(j) in the /fc-th compartment
located relative to the upstream side of the repository at time t is obtained by
,
subject to

m"kU)(0) = m"U)o.

0<t<t"k,

(3)
(4)

Superscript n(j) denotes the j-th member of decay chain n. q$\t) [mol/yr] is the release rate of radionuclide n(j)
from the waste form into the bentonite buffer in the k-tii compartment, qf^it) is evaluated numerically, based
on the concentration profile of the radionuclide in the buffer obtained by solving (5) numerically. A' is the total
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number of compartments. X"U) [yr '] is the decay constant of radionuclide n(j). X"(0) is set to be 0. tl is the time
when radionuclide n(j) depletes completely from the glass log in the k-th compartment, and is obtained
numerically. m"U)° [mol] is the initial mass of radionuclide n(j) in the glass log, and is assumed to be identical
for all the compartments in the row.
For the buffer region, we consider one-dimensional molecular diffusion, sorption retardation and
radioactive decay in the transport model. The concentration C*J)(x,t) of radionuclide n(j) in the buffer in the kth compartment at time t and distance x from the glass/buffer interface is governed by the following equation:

jgin <*¥!_

= Db

?Cy>(x,t)

_Xnu)RnQ)CnW(Xtt)

+

x«™g«h»qM(Xtt)tk

=l

Nt t>

o, o < x < Lb, (5)

at
ax
where Db is the molecular diffusion coefficient [mVyr] in the buffer region. The retardation coefficient, RbU), is
defined as

R^=l

+ lz£LpKd^\

(6)

where p [kg/m3] is the density of the buffer. eb is the porosity of the buffer. Kd^ is the distribution coefficient
of j-th element of the chain n in the buffer.
The initial concentration is set to be 0 within the buffer regioa
C«J)(x,0) = 0, 0<x<Lb
At the waste glass surface, the following boundary condition is imposed:

(7)

where C*((lt/)) is the solubility of element e in which radionuclide n(j) is included as its isotope. The factor,
ynU)(t), is the solubility appropriation for isotope n(j) identical for all the compartments, defined as

7

( )

p=illJsoiopes of eternal t

At the buffer/rock interface, the following boundary condition is assumed,
) = Nntu\t),
s)

t>0,

(10)

3

where N^ (t) [mol/m ] is the concentration of radionuclide n(j) everywhere in the pore water of the near-field
rock in the Jk-th compartment at time t. Mass coming from the adjacent compartment by groundwater and mass
from the buffer to the near filed rock are assumed to be completely mixed in the near field rock pores.
Mass transport occurs only in the direction of groundwater flow. No mass transport occurs through the
side boundaries of the compartment (Figure 1). The side boundaries coincide with the mid-plane between two
adjacent rows of waste forms.
Considering the nuclide transport by groundwater flow between compartments, radioactive decay,
radionuclide release from the buffer, and sorption retardation, the governing equation for N£lJ)(t) is written as
™* Kl) = qif -X"werVRrNnku\t)
+ XRU-X)erVRrNnk<J-l\t) + FN«?(t)- FN"tU)(t), t > 0, k = 1,.• ••,N, (11)
at
where V [m3] is the volume of the near-field rock in a compartment The retardation coefficient is defined as:
£rVRr

/?;<•» = 1 + IZIL.

j)

PrKd?

,

(12)

where pr [kg/m3] is the density of the porous rock matrix, and Kd"0) [m3/kg] is the sorption distribution
coefficient for the rock matrix. q*f [mol/yr] in the right side of (11) is the release rate of radionuclide n(j) at the
buffer/rock interface, q'f is obtained numerically, based on the concentration profile QU)(x,t).
The initial condition for NklJ\t) is
Natw(0) = 0, Xnm=0.
For the first compartment, no radionuclide is transported from outside the repository. Therefore,

(13)

N«J\t) = 0, t>0.
(14)
From the downstream side of the repository, i.e., from compartment N, the radionuclide n(j) is released
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into the far field. The total mass M"u\t) of the radionuclide n(j) existing in the entire far field at time t is
considered as the basis for the performance measure for the criticality safety and radiological impact because the
mass of radionuclide n(j) that will be actually accumulated or taken by the public will be no greater than
M"u\t).
For a fissile radionuclide, the most conservative and unrealistic assumption for criticality safety
assessment is that all of the radionuclide released from the repository region to the far field accumulates at a
single location. For radiological impact, the most conservative and unrealistic assumption is that all of the
radionuclide existing in the entire far field is taken by the human being. To quantify more realistic accumulation
or radiological impact, the detailed mechanisms and conditions for the mass transport and accumulation in the
far field or transport in the biosphere to the point of ingestion/inhalation by human beings must be known.
The mass, MJu\t), of the radionuclide n(j) existing in the far field can be obtained by
), t > 0,
MfJ\0) = 0,

subject to

(15)

A"(0)=0.

(16)

The first term in the right side of (15) represents the mass release rate [mol/yr] of radionuclide A: from the down
stream side of the repository to the far field.
Equations (3), (5), (11), and (15) are solved numerically by discretizing time. At each time step,
m?J)(t), C t " (; \ N?J\t) and M"U)(t) are calculated for all N compartments and all the nuclides. Calculation for
m*J\t) of each compartment continues until it becomes zero at t = tnk. After t = t", m*J)(t) is set to be zero.
MfJ)(t) is calculated by using the value of N?J\t) obtained at each time step.

III.
III.l

Numerical Results
Input data

Table I

Radionuclides Contained in One HLW Glass Log Generated From Reprocessing of 1 MT
of Spent Fuel, at the Beginning of Radionuclide Release From the Glass Log.
Nuclide

Half-life
[yr]

Pu-240
U-236
Cm-245
Am-241
Np-237
U-233
Pu-242
U-238
U-234
Am-243
Pu-239
U-235

6.57E+3
2.34E+7
9.30E+3
4.58E+2
2.14E+6
1.62E+5
3.76E+5
4.46E+9
2.45E+5
7.37E+3
2.44E+4
7.04E+8

Inventory m" 0 >
[mol]#
2.00E-1
5.59E-2
7.55E-3
2.82E-1
4.02
1.24E-3
1.80E-2
5.83
1.11E-2
4.86E-1
2.54E-1
7.00E-2

Maximum permissible concentration for ingestion [|iCi/cm3]*

Bare-sphere
critical mass (kg)$

2E-8
3E-7
2E-8
2E-8
2E-8
3E-7
2E-8
3E-7
3E-7
2E-8
2E-8
3E-7

37
—
13
59
56
16
89
>850
147
155
10
48

99.85% of U and 99.33% of Pu are assumed to be recovered at the reprocessing stage.
#: Ref. [4], *: Ref. [5], p. Ref.. [10]

Table II

Assumed Parameter Values for Elements [4]
Element
Curium
Americium
Plutonium
Neptunium
Uranium

Solubility
[mol/m3]
1.0E-4
1.0E-4
1.0E-5
1.0E-5
1.0E-5
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Retardation Factor
in Bentonitef-]
42600
42600
42600
427
427

Retardation Factor
in Rock[-]
27
27
66
3.6
1.3
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Assumed Parameter Values for Multiple Glass Log Model

Table III

Areal extent of the compartment, d x d

10 m x 10m #

Surface area of the waste glass, S

2.10 m 2 #

Thickness of the bentonite buffer, Lh

0.98 m #

Number of compartments in a row, N

200

Hypothetical compartment height, H = S/2d

0.105 m

Porosity of the bentonite region, £

0.3 #

Density of the bentonite region, p

2100kg/m J #

Porosity of the host rock in the repository, e n

0.5
2600kg/m 3 #

Density of the host rock, pp

3 x 10~ 2 nr/yr#

Diffusion coefficient in the bentonite, Dr(t
Water pore velocity across compartment boundary, v

1.0m/yr#

#: Ref. [3].

III.2 Radiological impact
Figure 2 shows the toxicity of a radionuclide existing in the entire far field as a function of time. The
toxicity of a radionuclide is calculated by
A"0) [sec']A/; <y '(r)[mol]/6.02xl0 23 [atoms/mol]l
3.7 x 10"'[disintegrations/secCi]

Toxicity [m3 of water] =

J

(17)
Maximum Permissible Cone. [Ci/m ]
The physical meaning of the toxicity is the water volume that is required to dilute all the radionuclide
existing in the far field to the concentration below the maximum permissible concentration [5] for ingestion.
Because, in reality, only a small fraction of the radionuclide existing in the far field will actually be ingested, the
value obtained by this model represents the upper bound for the potential radiological impact. The advantage of
using this measure is that the radionuclide isolation capability of the repository can be quantified without the
uncertainties resulting from the far-field transport analysis.
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Figure 2

Toxicity of radionuclides existing in the entire far field. The thick curve represents the
total toxicity of all actinides that originally exist in 40,000 canisters in the repository.
The thick solid line shows the toxicity of all the actinides existing in the repository and in the entire far
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field. The total toxicity decreases solely due to radioactive decay of radionuclides. The curves labeled by
radionuclide names show the toxicity of an individual radionuclide existing in the entire far field. The broken
curve shows the sum of the toxicities of radionuclides existing in the far field. The difference between the thick
solid line and the broken line is the toxicity of radionuclides still confined in the repository. As time goes on,
more radionuclides are released from the repository. Therefore, the total toxicity in the far field increases with
time. After 107 years, the radioactive decay of the most toxic radionuclide, 237Np (the half-life of 2.14 million
years), becomes significant, resulting in significant decrease of the total toxicity. The fact that the solid line
meets the broken line at 107 yr means that by that time, most 237Np is released from the repository and exist in
the far field.
The total toxicity is significantly reduced by the confinement in the repository. In Figure 2, two
arbitrarily chosen reference radiological impact levels are shown: the toxicity of original uranium ore required
for 40,000 tons of fuel and the volume of water included in the 2-km radius sphere of rock with a porosity of
3%. Considering the repository area is 2 km by 2 km, sufficient amount of groundwater is available in the
surrounding rock to dilute released radionuclidcs into safe levels of toxicity. The total toxicity in the far field is
always two orders of magnitude smaller than the loxicity of original uranium ore. Additional calculations show
that, if the near field porosity is decreased from 0.5 to 0.03, the mass of radionuclides existing in the entire far
field is reduced by a factor of 10.
If we consider removal of some radionuclidcs from the HLW to reduce the toxicity of radionuclides in
the far field (and so to improve the radiological safety of the repository), choices will be 237Np, 243Am, 242Pu and
239
Pu. Uranium-233 is generated by the decay of 237Np. In any partitioning and transmutation system, due to
multiple recycling and waste loss at the fuel fabrication and the recovery processes, complete removal is not
realizable. About 1 % of the initial mass of the radionuclide will be destined to the repository. The toxicities of
these radionuclides will then be reduced by a factor of 100.
Ill3

Criticality safety
The possibility of autocatalytic criticality has become a contentious issue for repository safety since [6].
A recent study [7] shows that a critical mass of 235U in an over-moderated critical system with the mixture of
12%-23SU and 88%-238U is 35 kg. The concentration of the mixture required for an over-moderated critical
configuration is found to be 96 kg/m3. In a review of uranium deposit in the Tono Mine in Japan given by [8],
the maximum uranium concentration is reported to be 23 kg/m3. The uranium concentration for a critical
configuration obtained in [7] is greater than this value. In Figure 3, it is shown that the total mass of ^ U in the
entire far field is about 200 kg at 1 million years. In [9], it has been concluded by a statistical uncertainty
analysis that the total mass of 235U in the far field at 100 million years is less than 40 kg with a 90% confidence
level. For 235U existing in the far field to be critical in an over-moderated configuration, almost all 235U existing
in the far field at that time must accumulate at a single location. This implies that deposition of uranium in
geologic formations sufficiently large for over-moderated criticality is unlikely.
1.E+5

1.E+1

Figure 3
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Masses of radionuclides in the entire far field.
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III.4

Proliferation resistance
Figure 4 shows the masses of actinides in the repository.
When enriched to 20%, the bare-sphere critical mass of uranium is 850 kg, which is considered too
large to construct a nuclear explosive of practical weight (Table I) [10]. From Figure 4, the fissile uranium
isotope fraction is around 10% or less at any time in the waste glass logs in the repository. Recovering uranium
in HLW would not be significantly more attractive than mining natural uranium for isotopic enrichment.
All of the plutonium isotopes, including the even isotopes, have fast-fission cross sections which are
relatively large, and thus all of the plutonium isotopes have small bare-sphere critical masses, as seen in Table I.
All isotopic blends of plutonium can in principle be used to make explosives. In HLW typically 99.85 percent of
the plutonium or more is removed, leaving small quantities of substantially more dilute plutonium in HLW.
The 237Np in HLW is isotopically pure, due to the short half lives of the other neptunium isotopes.
Nuclides like 237Np with an even number of neutrons exhibit a sharp threshold in their fission cross section, at
around 500 keV for 237Np. Below this energy threshold the fission cross section is quite low, making it relatively
difficult to burn 237Np in reactors and explaining why it is not currently commonly recovered by reprocessing.
However, above the threshold 237Np exhibits a similar fission cross section to 235U. The bare sphere mass of
237
Np has been recently measured experimentally as 56 kg [11], almost identical to that of highly enriched uranium. Combined with a spontaneous fission rate comparable to 235U, this leads to the conclusion that 237Np has,
in principal, roughly the same utility for nuclear explosives as highly enriched uranium. Substantial quantities of
237
Np exist in spent fuel. Table I shows that one HLW canister contains about 1 kg of z "Np. Figure 4 shows that
this mass is kept until 1 million year.
243
Am is a strong gamma-emitter, which also reduces its utility for nuclear explosives when compared to
237
Np and Pu [10]. In the long term, 7,370-yr half-life 243Am also provides a 239Pu source in HLW. When
present in HLW in concentrations comparable to residual 237Np, 24lAm, and Pu concentrations, however, M A m
has the potential to substantially increase the difficulty of chemical separations for as long as 10,000 years, while
not substantially changing the long-term concentrations of B7 Np and Pu in the waste.
Partitioning and transmutation of minor actinides has the potential to significantly reduce the
attractiveness of geologic repositories as potential large-scale sources of nuclear material.
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Figure 4

IV.

Total mass of radionuclide remaining in 40,000 canisters in the repository.

Discussions

The implications of the aforementioned repository performance are summarized as follows.
The radiological impact and the possibility of criticality accident by actinides in HLW would be
sufficiently small with the current repository concept. With partitioning and transmutation of americium and
neptunium, the radiological safety of the repository could be improved. But, if the porosity of the host rock in
the repository is smaller and sorption retardation of neptunium with the host rock is greater than assumed in this
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numerical evaluation, then the radiological impact can be reduced further without partitioning and transmutation.
For criticality safety, with the partitioning and transmutation of M3 Am, production of 235U is reduced
significantly, resulting in a low enrichment of uranium in the far field at any time.
The attractiveness of the repository to proliferating countries and groups will be significantly reduced
by reducing the mass of 237Np. This aspect of the repository safety can hardly be improved by selecting geologic
conditions, except for the possibility that hard-rock sites (crystalline rocks) are inherently more difficult for
clandestine excavation than soft-rock (salt and clay-shale) repository sites [12]. While it may never prove to be
practical or economical to meet 1ST criteria, there could be long-term proliferation advantages in designing fuel
cycles that would produce waste streams qualifying for 1ST, thus eliminating the requirement of permanent
safeguards monitoring and the resulting long-term burden and risks on future generations.

V.

Concluding Remarks

A radionuclide distribution model has been developed for a performance assessment of geologic
disposal of vitrified HLW. Repository safety is measured by three quantities (the total toxicity of radionuclides
existing in the entire far field, the masses of actinides in the entire far field, and the masses of actinides
remaining in the repository) that can be quantitatively obtained by the model. Based on the numerical results of
three measures, the effect of partitioning and transmutation on the conceptual geologic repository for HLW has
been discussed. The following observations have been obtained.
The current repository concept shows sufficiently small impact on the public health. If necessary, the
radiological safety could be improved by partitioning and transmutation of americium and neptunium.
It will be unlikely that criticality events occur by reconfiguration of actinides into a critical system from
vitrified reprocessing HLW. By recovering 243Am and 239Pu, the possibility of criticality accident can be made
vanishingly small.
For these two aspects of repository safety, partitioning and transmutation of minor actinides is not
primarily necessary, but it may reduce requirements on the host rock, resulting in more choices for the repository
site.
On the other hand, for the proliferation resistance, if 237Np is not recovered, then in the long term
vitrified HLW does not meet the 1ST requirement of being significantly less attractive than new production. In
the case M7Np is recovered, it appears desirable to leave "'Am in the waste stream as a gamma radiation barrier.
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REVIEW OF EXPERIMENTAL STUDIES OF THE SORPTION OF
ACTINIDES ONTO BORROWDALE VOLCANIC GROUP ROCK
FROM SELLAFIELD, UK
J. A. BERRY
AEA Technology pic, 220 Harwell, Didcot, Oxon., 0X11 ORA, UK.

ABSTRACT
The current Nirex design concept for the disposal of intermediate-level and some low-level
radioactive wastes in the UK involves emplacement in a cementitious repository deep
underground. The Nirex Safety Assessment Research Programme includes a study of the
sorption of radionuclides on geological materials, as sorption processes are important
mechanisms for retarding radionuclides migrating from a repository. A site near Sellafield
has been investigated to see if it is suitable. The potential host rock would be the Borrowdale
Volcanic Group (BVG) which is comprised of tuffs characterised by low porosity and
permeability. This paper gives an overview of studies of the sorption of actinides onto BVG
rock and includes a description of experimental techniques in use at AEA Technology, the
difficulties inherent in working with such intact rock samples, and the use of data from both
crushed and intact-rock experiments. The main sorbing minerals in the BVG are discussed,
along with perturbing influences such as the degradation products from organic materials in
the wastes and highly alkaline porewater from the cementitious backfill.
INTRODUCTION
The current design concept for the disposal of intermediate-level and certain low-level
radioactive waste in the UK involves emplacement in a deep geological repository with a
cementitious backfill. United Kingdom Nirex Limited (Nirex) has undertaken investigations
to determine whether a site near Sellafield is suitable for the location of such a repository.
Although most of the radioactivity in the wastes is expected to decay while still contained in a
repository, some residual long-lived radionuclides are likely to be transported by groundwater
into the rocks that surround the repository (the geosphere). The geosphere acts as a barrier to
radionuclide transport by restricting the groundwater flow through the repository, diluting the
contaminated water that leaves the repository, and delaying the return of radionuclides to the
biosphere. Two principal mechanisms have the potential to retard the migration of dissolved
radionuclides relative to the flowing groundwater; sorption and rock-matrix diffusion. Nirex
undertakes an extensive research programme (the Nirex Safety Assessment Research
Programme, NSARP) that addresses both of these aspects. The research on geosphere
sorption comprises three components:
• laboratory experimental studies, to provide sorption data for performance assessment
modelling and to build understanding of sorption processes;
• geochemical modelling, to build understanding of the sorption processes and to enable
e:xtrapolation of experimental sorption data to other geochemical environments;
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• observation of the behaviour of natural radionuclides in groundwater systems, to identify
and characterise additional radionuclide retardation processes that operate on timescales
longer than can be observed in the laboratory.
The laboratory experiments are undertaken on representative samples of rock from possible
flowpaths between repository and biosphere. In the case of radionuclide sorption onto the
BVG, the subject of this paper, two types of rock samples have been studied:
• Fracture-infill material from flowing zones [1]. These samples represent the surfaces in
direct contact with the groundwater flowing through the fracture network. Fracture infill
and flow-zone mineralogies are typically dominated by carbonate and/or clay with
associated iron oxide (predominantly haematite).
• Samples of rock matrix from between fractures, comprised mainly of tuffs and ignimbrites
[2]. Access of radionuclides to the rock matrix is achieved by diffusion [3]. Sorption of
the radionuclides on pore surfaces in the rock matrix provides substantial retardation for
the radionuclides [4]. These rocks have a silicate-dominated mineralogy: quartz, chlorite,
feldspar with minor ilmenite and secondary haematite and carbonate minerals.
This paper includes a brief description of the experimental techniques in use at AEA
Technology. A comparison of crushed and intact-rock techniques is given and some of the
difficulties inherent in working with intact-rock samples of low porosity and permeability are
described. Results are presented that illustrate the sorption behaviour of the elements studied
within the BVG. The principal minerals responsible for radionuclide sorption are identified.
In the final section, the methods used to study the impact on radionuclide sorption of
degradation of organic materials from the radioactive waste and of alkali disturbance from the
cementitious backfill are described and illustrative results are presented.
EXPERIMENTAL TECHNIQUES IN USE FOR THE MEASUREMENT OF SORPTION
COEFFICIENTS
Radionuclide sorption coefficients (the ratio of the amount of radionuclide sorbed on the solid
to the amount remaining in solution) can be measured using a variety of different
experimental techniques [5, 6]. The most common method is the batch-sorption technique, in
which samples of crushed rock are contacted with a solution containing a known
concentration of radionuclide. As sorption proceeds, the radionuclide concentration in
solution falls to a final steady value, which is measured and the sorption coefficient
calculated. Issues such as sorption onto vessel walls and the statistics of radiochemical
analysis are taken into account. The principles of techniques involving the use of intact
samples of rock, such as through-diffusion, in-diffusion, reservoir-depletion, rock-beaker and
convection have been described in detail elsewhere [5 - 7], and are summarised schematically
in Figure 1.
Unfortunately, no single technique is ideal for the measurement of the sorption of a strongly
sorbing radionuclide onto rocks. Batch sorption has the advantage of being a relatively rapid
experimental technique. However, crushed rock samples have unrealistically high surface
areas and freshly exposed mineral surfaces [8]. Also, batch sorption is carried out at relatively
high liquid:solid ratios [9, 10] and requires careful phase separation prior to analysis of
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solution radionuclide concentrations [11]. Intact-rock techniques involve more realistic
surface areas and liquid:solid ratios, but the experimental equipment is generally more
complex and timescales are longer. Machining of the samples to the required size and shape
may result in some alteration to the rock surface. This effect could be important in the case of
strongly sorbing radionuclides where the depth of penetration will be very small over typical
laboratory timescales (e.g. 1-2 years).
For the study of sorption as a function of a wide variety of perturbing parameters, it is
generally accepted that the only practicable experimental technique is some form of batch
methodology [12]. The approach adopted in the Nirex programme has been, therefore, to
conduct a large number of batch experiments to study the effect of varying parameters such as
radionuclide concentration, ionic strength, pH, redox potential and concentration of organic
degradation products. These data provide a strong foundation on which elicitation of
probability distribution functions for repository performance assessment can be based. In
order to assess surface availability issues, batch experiments are complemented by a smaller
number of experiments with intact-rock samples.
THE STUDY OF MINERALOGICAL CONTROLS ON SORPTION
To supplement the measurement of sorption coefficients, and to provide information on the
importance of mineralogy on sorption, surfaces of polished BVG samples have been studied
after exposure to actinide solutions [13, 14]. Autoradiography and ion beam techniques such
as nuclear microprobe analysis and secondary-ion mass spectrometry (SIMS) were used to
measure qualitatively and quantitatively the distribution of actinides on sample surfaces.
Nuclear microprobe analysis involved Rutherford back-scattering (RBS) to quantify surface
and sub-surface loadings, and particle-induced x-ray emission (PDOE) to confirm the identity
of mineral phases. SIMS analysis involved sputtering the surfaces with a gallium or 18O beam
and analysing the ions generated by mass spectrometry. As well as aiding identification of
important sorbing mineral phases, ion beam techniques were used to provide depth profiles
for strongly sorbing radionuclides with short penetration depths. Depth profiles from RBS
data for uranium and plutonium are shown in Figure 2. These profiles can be used to derive
diffusion and sorption data, subject to assumptions about access to porespace within samples.
CONTROL OF GEOCHEMICAL CONDITIONS
Experimental conditions must be controlled carefully to ensure that the data acquired are
relevant to the geochemical system of interest. It is particularly important to control the
concentration of carbonate in experimental solutions because the aqueous speciation of some
key radioelements, such as uranium(VI), is extremely sensitive to this parameter and this can
have a strong impact on sorption behaviour [15]. All work has therefore been carried out
under controlled conditions to simulate as closely as possible those anticipated around a
potential repository. Solution compositions are based on groundwater analyses from relevant
depths within Sellafield boreholes. These groundwater analyses are back-corrected using
geochemical modelling techniques in order to allow for perturbation to the chemistry during
the sampling process [16]. In this way it can be ensured that the synthetic solutions used are
as closely representative as possible of the groundwater chemistry in situ. The experiments
are carried out in gloveboxes under a mixed nitrogen/carbon dioxide atmosphere. The amount
of carbon dioxide in the glove box atmosphere is adjusted to minimise loss or gain of
carbonate by the experimental solutions.
-
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MEASUREMENT OF SORPTION COEFFICIENTS FOR BVG SAMPLES
Tuff samples from the BVG have very low diffusivities and permeabilities [17].
Consequently, through-diffusion and convection experiments using strongly-sorbing
radionuclides would require prohibitively long times. It is therefore necessary to use transient
diffusion techniques (in-diffusion, reservoir depletion, rock beakers, see Figure 1) in which a
single parameter incorporating sorption and diffusive transport is calculated. In order to
derive sorption coefficients from such experiments it is necessary to measure the diffusion
coefficient separately using non-sorbing tracers such as tritiated water. Reservoir-depletion
experiments involving actinides were complicated by radionuclide sorption onto both the rock
and the sealant used to coat the sample and vessel walls. This prompted development of the
rock-beaker technique [7]. For work involving actinides and the BVG, the rock-beaker
technique has been found to be the most appropriate intact-rock sorption method.
A brief comparison of sorption coefficients measured using different experimental methods is
shown in Table 1. It can be seen that sorption coefficients measured using the rock beaker
technique tend to be lower than those measured using the batch-sorption technique. This is
consistent with the hypothesis that available surface area will be reduced in an intact-rock
sample. However, at present, it is not possible to quantify this effect robustly because the
range of measured values is wide, particularly in the case of batch-sorption experiments. Two
aspects contribute to the observed range of measured sorption values:
• Sample variability - A large number of samples have been studied using the batch
technique, and the wide range shown by the data partly reflects the different mineralogies
of individual samples. A more limited number of samples have been studied using intactrock techniques.
• Experimental variability - Variation in replicate measurements on the same sample can be
large, especially in the case of strongly sorbing radionuclides. This variability can only be
estimated in the case of batch-sorption experiments where replicate experiments have been
carried out. Statistical analyses suggest that (at the 95% confidence interval) sorption
coefficients generally lie within 15% of the mean. However, for strongly sorbing nuclides
this value increases to 40%, due to the very low final radionuclide solution concentrations
which are close to detection limits and therefore subject to larger errors.
A rigorous comparison of sorption coefficients measured using the different techniques
requires that these sources of variability are quantified for each case.
SUMMARY OF FAR-FIELD SORPTION DATA
Far-field sorption data are those acquired under conditions anticipated to match those
expected in-situ within the rock of interest. Additional effects which might result from the
presence of a repository are considered separately. Batch-sorption data have been obtained for
sorption onto a large number of BVG samples. Figure 3 shows some typical results for
sorption onto BVG tuffs. For the elements studied, the highest sorption is invariably
measured in the case of uranium(TV) and plutonium. Sorption coefficients are often in excess
of 104 cm3g"'. Uranium(VI) and thorium are generally moderately sorbing, giving sorption
coefficients around 100 cm3g"1. Figure 4 compares sorption coefficients measured for
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samples of tuff and fracture-infill material. Thorium sorption was very similar onto both
types of sample. Uranium(VI) and plutonium sorption were significantly reduced onto the
fracture-infill material. This could be a reflection of the carbonate-rich mineralogy of the
fracture-infill material; carbonates do not have a high sorptive capacity [13].
MINERALOGICAL CONTROLS ON SORPTION
The sorptive capacity of individual minerals has been investigated by carrying out selected
batch-sorption studies for single minerals of interest. These experiments have also helped
build understanding of sorption mechanisms, and the influence of key parameters such as pH
and solution carbonate concentration. For site-specific rock samples however, investigation
of mineralogical controls is undertaken primarily through surface analytical techniques, as
mentioned earlier. Results of surface analytical studies show that sorption of uranium(TV),
plutonium and thorium onto a variety of tuff samples from the BVG is not uniform but is
dominated by specific minerals. Quantitative RBS results for uranium(IV) and plutonium are
given in Table 2. RBS surface loading data were quantified by comparison with a thorium
standard sample [18]. Higher concentrations of radioelements were associated with
haematite, ilmenite and chlorite. Sorption onto other minerals (calcite and feldspar) and
quartz-rich matrices were generally up to an order of magnitude lower. RBS depth profiles
have shown that the actinide is often on, or within 10 nm of the mineral surface.
Due to solubility limitations for thorium in solution (typically 10"nM), it was not possible to
sorb sufficient thorium on the mineral surfaces for subsequent quantitative analysis by RBS.
However, sorbed thorium was measured qualitatively by SIMS and was seen to sorb
preferentially on the same mineral phases as uranium(IV) and plutonium. In similar
experiments involving uranium(VI), surface loadings were below the limit of detection.
Iron oxides are considered to be key sorbing phases for many radionuclides. Many of the
BVG samples contain significant haematite (Fe2Oa), and enhanced sorption is associated with
the presence of this mineral. Iron oxides can also form during the course of an experiment by
the incongruent dissolution of iron-bearing calcites (carbonates are reactive phases and even
the most careful control on experimental conditions cannot prevent such a reaction occurring).
These 'experimental' iron oxides are observed to be strong sorbing phases. Although a
consequence of experimental conditions in this instance, such a process is also observed in
natural geochemical systems. Studies of the distribution of natural uranium in the BVG at
Sellafield have also demonstrated the importance of iron oxides [19]. Most of the natural
uranium is fixed within primary mineral phases, but small amounts have been mobilised
during water-rock interactions and are associated with secondary haematite.
In associated interpretative geochemical modelling studies, it has been found that sorption in
batch experiments cannot be related easily to the volumetric or weight proportions of major
minerals in the sample. This may be due to the influence of minor phases, which are not
identified in the mineralogical analysis, and the fact that the mineral volume or weight might
not be an accurate measure of the contribution of that mineral to the surface properties of the
rock in question. Studies of other rock types using surface analytical techniques have
demonstrated that the presence of iron oxide films on the surfaces of mineral grains can exert
a strong influence on the distribution of sorbed radionuclides [13]. Geochemical models
based on sorption onto iron oxide surfaces have been used successfully to interpret
experimental data [20]. Modelling allows interpretation of data supported by knowledge of
-
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the aqueous speciation of sorbing elements, and understanding of possible sorption reactions
at mineral surfaces.
THE EFFECT OF POTENTIAL REPOSITORY-DERIVED PERTURBATIONS ON
RADIOELEMENT SORPTION ONTO BVG
Effect of the presence of organic degradation products
Some waste intended for disposal in the Nirex repository contains organic materials, such as
cellulose. Under anaerobic, alkaline conditions, degradation of cellulose produces a range of
water-soluble organic acids [21] which can form aqueous complexes with actinides [22]. The
formation of such complexes can stabilise the radionuclide in solution, causing an increase in
solubility and a reduction in sorption. Organic molecules may also adsorb onto rock surfaces,
possibly reducing the sorptive capacity of the rock towards radionuclides. The NSARP
therefore includes studies to investigate the impact of cellulosic degradation products on
radionuclide sorption in the geosphere (e.g. [23 - 25]).
Batch-sorption studies of the effect of important organic materials on radionuclide sorption
have been conducted:
• using authentic cellulosic degradation products (ACDP), prepared from a leachate solution
formed after heating (at 80-100°C for 30 days) a mixture of wood or paper tissue, cement
and water under anaerobic conditions;
• using the important cellulosic degradation product, iso-saccharinic acid (ISA). This
product has been shown to affect significantly radionuclide sorption behaviour under the
conditions expected within the near field of a repository [21].
The experiments have been carried out at both high and near-neutral pH values, and at various
concentrations of ISA (ranging from 10"7M to 10"3M) and ACDP (diluted and undiluted).
These studies have included sorption of plutonium, uranium and thorium onto a wide range of
BVG rock types, both matrix tuff and fracture mineral assemblages. Typical results in the
case of uranium are shown in Figure 5. Of the radioelements studied, plutonium and
uranium(IV) are most sensitive to the presence of organic materials. By contrast, thorium
sorption onto some rock types is completely unaffected by organic material. As expected,
sorption is usually reduced in the presence of organic materials. Where different
concentrations of organic materials were studied, results show that reductions in sorption
become more significant as the organic concentration is increased. In the case of uranium(VI)
at high pH, it appears that sorption is enhanced by the presence of organic material. The
reasons for this are unclear at present.
Data for the ACDP solution and the highest ISA concentration are generally very similar,
confirming that ISA is an important component of the ACDP solution. However, this is not
the case with plutonium and thorium at neutral pH, where ACDP solution appears to have a
greater effect man 10"3M ISA. Further work is in progress to clarify this aspect.
Effect of alkaline conditions
Cement-equilibrated water derived from a repository would react with the surrounding rock
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and form an 'alkaline-disturbed zone' (ADZ) around the repository. The main reactions that
are expected to occur within the ADZ are dissolution of primary silicates, and precipitation of
hydrated calcium silicates (CSH phases) and possibly zeolites [26]. As such water-rock
interaction proceeds, the pH of the repository-derived water would be buffered toward lower
values and would eventually reach the near-neutral values typical of unperturbed far-field
groundwaters. It is likely that the hydrogeological and radionuclide retardation properties of
the ADZ will be different from those of the unperturbed geosphere. The NSARP therefore
includes work to evaluate the size of the ADZ and the extent to which its properties would be
different. A summary of the ADZ sorption programme is presented below.
Using the batch-sorption technique, experiments have been carried out to examine sorption
under conditions expected within the ADZ. The following types of experiment have been
carried out.
• Sorption onto untreated rock samples in contact with simulated evolved near-field (ENF)
groundwater (Ca(OH)2-rich, pH 12.5 at 25°C, [16]). ENF groundwater is the water
produced by interaction of far-field groundwaters with Nirex Reference Vault Backfill after
the soluble alkali metal hydroxides have been leached out. These experiments, in which
some degree of alkaline water-rock interaction will occur during the sorption experiment,
simulate the case where radionuclide migration into the geosphere is concurrent with the
development of the ADZ.
• Sorption onto rock samples pretreated with simulated ENF groundwater (pH 12.5 at 25°C).
The solutions used in the experiments simulate the solution composition measured at the
end of the pretreatment process (pH 8-10). These experiments simulate the case where
radionuclides migrate into the geosphere after development of the ADZ.
• Sorption onto rock samples pretreated with simulated young near-field (YNF) porewater
(NaOH/KOH/Ca(OH)2 solution, pH 13 at 25°C, [16]). YNF porewater represents fluids
emerging from a cementitious repository at very early stages in its evolution. The solutions
used in the experiments simulate the solution composition measured at the end of the
pretreatment process, and have pH in the range 10-12. These experiments simulate the
case where radionuclides migrate into the geosphere after development of the ADZ.
Pretreated samples were supplied by the British Geological Survey, Keyworth, UK. These
samples had been exposed to alkaline solutions at elevated temperatures (70°C) for up to four
months. Sorption coefficients under ADZ conditions were generally higher than those
measured under unperturbed, far-field conditions. Figure 6 shows results for sorption onto an
individual sample (fracture infill from the BVG). The observed sorption behaviour largely
follows the trend:
No pre-reaction > Pretreated (YNF) > Pretreated (ENF) > Unperturbed
The trend is most pronounced in the case of uranium(VI), and least pronounced in the case of
thorium. Results suggest that thorium, uranium(VI) and plutonium sorption within the ADZ
would be higher than sorption in the undisturbed geosphere. Enhanced sorption onto ADZ
samples relative to unperturbed, far-field samples is believed to be related to the presence of
newly-formed, high-surface area secondary precipitates. CSH phases, identified as the
dominant reaction products in these types of experiments [26], could be important
contributors to sorption. Experimental data for the ADZ have been interpreted based on the
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concept of CSH phases controlling sorption behaviour.

CONCLUSIONS
An extensive experimental programme, employing both batch and intact-sample techniques, is
being carried out to study the sorption of radionuclides, in particular actinides, onto rock
samples from the BVG. Results from experiments using single mineral phases, interpretative
geochemical modelling and studies of natural radioactivity at Sellafield all contribute to an
understanding that has been used to support post-closure performance assessments of a
potential Sellafield repository. The results from experimental investigations of sorption onto
BVG samples have produced an extensive database for use in performance assessment
calculations. In particular, these data show that:
• actinide sorption onto BVG varies from relatively weak (uranium(VI)) to very strong
(plutonium);
• plutonium sorption can be reduced significantly in the presence of high concentrations of
cellulosic degradation products;
• sorption onto BVG altered by cement porewater is at least as strong as on unaltered BVG.
Probability density functions based on the programme of work summarised in the paper have
been used in performance assessment of the potential Sellafield repository. It has been
demonstrated that sorption in the geosphere at Sellafield would be a very effective barrier to
the migration of many radionuclides.
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Table 1
A Comparison of BVG Sorption Results from Experiments using
Crushed Rock and Intact-Rock Techniques
Radioelement

Sorption coefficient cm3g*1
Rock-beaker method
Batch-sorption technique
(50:1 liquidtsolid ratio)

Uranium (VI)

<10-110

no detectable sorption

Plutonium

1100--10 5

2 x 104 - 7 x 104

Values shown cover a number of experiments.

Table 2
RBS Data of Uranium(IV) and Plutonium Surface Loadings on Tuff Samples from the
BVG
Sample depth, borehole

Uranium(IV)*
622m, Borehole 4

814m, Borehole 4

Plutonium
526m, Borehole 2
622m, Borehole 4

763m, Borehole RCF3

665m, Borehole RCF3

Description of Mineralogy

Measured Surface
Loading, ng cm'2

Silica-Alkali Feldspar Matrix
Altered Plagioclase
Ilmenite (FeTiOa)
Chlorite-Haematite Matrix
Chlorite

2-6
20
70-120
35-50
50-60

Chloritised Matrix
Silica-Alkali Feldspar Matrix
Feldspar
Anatase (TiO2)
Calcite (fracture infill)
Chloritised Matrix
Chlorite
Haematite-rich Matrix
Chloritised Matrix

15-60
4-5
3-7
35-70
10
30-35
60-70
40
20-30

* - measured under strongly reducing conditions, -350mV (vs Standard Hydrogen Electrode)
The depths given refer to metres below the rotary table
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Figure 3. Typical results for sorption onto tuff samples from the
Borrowdale Volcanic Group. The data shown are for samples
taken from Borehole 2, Sellafleld, the depths given in the legend
are metres below rotary table.
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Figure 4, A comparison of sorption coefficients measured for tuff and
fracture infill assemblages. The data shown are for samples taken
from Borehole 2, Sellafield, the depths given in the legend are
metres below rotary table.
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Figure 5. Results illustrating the effect of organic degradation products on (a)
uranium(TV) and (b) uranium(VI) sorption onto BVG tuff. Range of ISA
concentrations studied, 10~7M to 10"3M. The data shown are for a tuff sample
taken from 577m (below the rotary table), Borehole 2, Sellafield.
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Figure 6. Effect of alkaline conditions on the sorption of uranium(VT), plutonium and
thorium onto fracture infill from the BVG. The data shown are for a fracture
infill sample taken from 1407m (below the rotary table), Borehole 2,
Sellafield.
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WATER UPTAKE AND CATION EXCHANGE EQUILIBRIA OF MX-80 BENTONITE
FROM GEOCHEMICALLY RELEVANT, HIGHLY SALINAR SOLUTIONS
H.-J. HERBERT & H. C. MOOG
Gesellschaft fur Anlagen- und Reaktorsicherheit
Final Repository Safety Research Division
Theodor-Heuss-Str. 4, 38122 Braunschweig
Germany
Cation exchange equilibria, interlayer spacing, and water content were determined for the Nabentonite MX-80 in six solutions. The solutions where chosen such to image possible
saturated solutions which are generated by the intrusion of water in salt rock formations
containing various mineral phases:
Name
EP-19
IP-21
IP-22
IP-24
IP9
NaCl

Na

K

Mg Ca

Cl

SO4 saturated with respect to

mol / kg water
0,301 0,217 4,753 0,000 9,236 0,394 Halite, Carnallite, Kainite, Kieserite,
Polyhalite
0,463 0,556 4,250 0,001 8,892 0,314 Halite, Sylvin, Carnallite, Kainite,
Polyhalite
1,151 1,009 3,427 0,000 7,231 0,891 Halite, Sylvia, Kainite, Leonite, Polyhalite
2,553 1,608 2,144 0,001 6,703 0,873 Halite, Sylvin, Aphtitalite, Picromerite,
Polyhalite
4,177 0,921 1,044 0,006 6,396 0,401 Halite, Anhydrite, Glauberite, Syngenite,
Polyhalite
6,105 0,000 0,000 0,000 6,105 0,000 Halite

To avoid saturation due to cation exchange initial solutions were diluted such that 10 (15) gr
water were added to 90 (85) gr saturated solution. A ratio of saturated solution to added
water of 85/15 was necessary to keep the equilibrium solution with IP24 from saturation. Only
IP9 (with the highest initial concentration of Ca) even then produced an oversaturation with
respect to gypsum and anhydrite with a corresponding decrease in solution normality. The
solid solution ratio in the range between 0.2 ... 1.0 [kg MX-80 / kg solution] had only little
influence on the sorbed phase composition. A positive change in apparent adsorbed metal
charge, which indicates a sorption of chloro-complexes MC1+ (M = Mg, Ca), is most
pronounced for IP22 and IP24. Interlayer spacing seems to be correlated primarily with the
potassium content in solution.
For the determination of water content 100 gr bentonite were reacted with 400 ml (first step)
and 250 ml (second and third step) model solution. After the final centrifugation the porewater
was expelled by compacting the sample to a maximum pressure of up to 14,3 MPa for 20 to
22 hours. Remaining water was expelled from each sample at 600°C and determined by KarlFischer-titration. For this purpose each sample was probed in three- to sixfold replication. The
density of the air-dry, untreated bentonite was determined by air comparison pycnometry to be
2419 kg/m3.
Total water content did not increase significantly with increasing Mg-content. This is not in
accord with earlier findings, where only Na- and Mg-content of solutions were varied while
Ca- and K-content were left constant. Absolute numbers for pore water and interlayer water
still need to be confirmed by additional experiments.
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NUCDAS : A DATABASE OF NUCLEAR CRITICALITY DATA
AROUND THE WORLD
YUICHIKOMURO Japan Atomic Energy Research Institute, Department of
Research Reactor ; Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, JAPAN
TOMOHIRO S AKAI The Japan Research Institute, Limited;
16, ichiban-cho, Chiyoda-ku, Tokyo, 102-0082, JAPAN

Abstract-77ie NUCDAS database, which
contains great numbers of nuclear criticality
data and subcritical limit data described in
criticality safety handbooks of Japan and
foreign countries, has been developed at
JAERI. The database was designed to
perform quick search on criticality data and
subcritical limits and to draw their curves
for comparison. So, criticality data among
handbooks can be shown on the screen
and/or printed on the paper. The database
runs on the Apple Macintosh computer and
written in 4th Dimension, a relational

database software for the Macintosh. This
tool provides powerful search and sort
capabilities.
An appropriate graphic
software (e.g. KaleidaGraph) is used to
draw a graph of selected criticality data.
NUCDAS will be demonstrated in the
poster presentation.
NUCEF
'98
participants who are interested in NUCDAS
will be able to operate Machintosh with the
database and will be encouraged to give us
some comments on it for modifications.
Though all messages on the screen are
written in Japanese, don't
worry.

I. INTRODUCTION

The Japanese criticality safety handbook (1), which was written in Japanese, was
published in 1988 and then its English translated edition (2) was published in 1995. The first
version of the database, NUCDAS, made a significant contribution to draw pictures of
nuclear criticality data including subcritical limits (hereinafter refereed to as "criticality data")
in the handbook. A sample of criticality dada cited from the English edition is shown in Fig.
1.1. Number of users who can access the first version were restrictive for the reasons that it
ran on FACOM M-series super computer only and it took great skill to draw pictures at that
time. To solve these issues and to obtain finer drawings, development of the second version
of the database (3) has started. A sample of criticality data drawn with the second version is
shown in Fig. 1.2. From the comparison between Figs. 1.1 and 1.2, it is clear that the
second version is better than the first one. This paper describes the second one which runs
on the Apple Macintosh computer.
II. DATA COLLECTION

Criticality data for the database were collected from many handbooks shown below:
1) curves for critical values : TID-7028(4), ARH-600(5), AHSB (S) (6),
CEA-R 3114(1), West Germany(B)
2) curves for subcritical limit values: TID-7016 Rev. 1(9), TID-7016 Rev. 2(10)
3) curves for critical and subcritical limit values : Japan(l), (2)
Nuclear materials are as follows :
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U, UOi, UO2F2, UOdNOJ* ADU, UO3,
Pu, PuO* PufNOJz, UOrPuO*
The collected criticality data were processed and stored with 4th Dimension, a relational-type
database software, and Macintosh. Number of curves by handbook and nuclear material are
listed in Table 1.1 and Table 1.2. Note that the database does not include any criticality data
for 233U system yet.
III. GENERAL FLOW OF DATA SELECTION AND DRAWING

The database offers two options to select criticality data, these are "layout search" and
"free search." However, this paper describes only layout search which is the simplest and
easiest method for beginners. A simple procedure of selecting criticality data with NUCDAS
(steps 1-5) and drawing curves of the selected data (steps 6-7) is as follows. Note that
although at steps 6-7 a graph drawing software KaleidaGraph is used, other equivalent
software that the user favors can be used.
NUCDAS

Step 1 : search for criticality data that a user wants to draw,
Step 2 : decrease number of selected data less than eight (if necessary),
Step 3 : interpolation of point data stored, i.e. (xl, yl), {x2, y>2),..., for
drawing,
Step 4 : calculation of the minimum critical value, calculation of critical value at
arbitrary fissile concentration (if necessary),
Step 5 : generation of an output file of interpolated data with some keywords which
identify each data,
KALEIDAGKAPH (for example)
Step 6 : reading of the file generated at Step 5,
Step 7 : drawing of a picture of curves of criticality data.
For detailed information on the search options, see the NUCDAS user's manual (3).
IV. HARDWARE AND SOFTWARE

The followings are required to draw a picture of criticality data with NUCDAS.
• Apple Machintosh computer,
• Printer,
• NUCDAS (two 3.5-inch floppy disks),
• 4th Dimension for the Macintosh (four 3.5-inch floppy disks),
• KaleidaGraph for the Macintosh (or other equivalent graph drawing
software).
V. FORMAT OF OUTPUT FILE

At step 5, the database generates an output file which contains information necessary to
draw curves for selected criticality data. Sample raw data of an output file for the three
criticality data selected by the user is shown in Table 2.1. These are the data for the three
curves shown in Fig. 2 mentioned later. The data can be divided into two parts. The upper
eleven rows are additional data to identify content in the file and the other lower rows are
main data. Each numerical data or text in the file is partitioned with one or more blanks.
At step 6, KaleidaGraph reads a NUCDAS output file and rearranges the content in the file
as listed in Table 2.2. There are six columns for three curves. First and second columns are
space for the first curve. The first column contains values for x-coordinate (i.e. uranium
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concentration) and the second contains values for y-coordinate (i.e. critical mass). The upper
eleven rows should be masked or deleted before drawing curves.
VI. SAMPLE OUTPUTS

The database is useful in showing the difference of criticality data among handbooks and
in establishing a figure to compare newly calculated criticality data and those of criticality
handbooks. For example, criticality data for the two major nuclides in the field of nuclear
criticality safety, i.e. U(93wt%)-H2O mixtures and ""Pu-HjO mixtures, are shown in Figs. 2
and 3, respectively. Although criticality data for a specific nuclear mixture should be same
because it is a kind of physical constants, as can be seen in these figures, criticality data
among the handbooks are different from each other. There would be three major reasons for
the difference; these are atomic number densities, calculation codes and nuclear data libraries
used to obtain criticality data.
LA-12808 (11), a revision of TED-7016 Rev.2, is the newest criticality data at present and
contains tables of calculated dimensions for water-reflected 233U-H2O, U(93.2)-H2O and
^'Pu-HjO mixtures at ifceff=0.8, 0.9 and 1.0. It is very interesting to compare criticality data
from LA-12808 with that from the database and the database can do it quickly and easily.
Such comparisons are shown in Figs. 4 and 5 which are all the same as Figs. 2 and 3,
respectively, except for data from LA-12808 shown as black points. It can be observed from
Figs. 4 and 5 that the criticality data for U(93.2))-H2O and 239Pu-H2O mixtures from LA12808 roughly distribute within the range of difference among the other criticality data.
For the third example, critical masses of "'Pu-H^O mixtures reflected by water and 239PuSiO2 mixtures reflected by SiO2 are illustrated in Fig. 6. The latter data were cited from the
ref. (12) and a similar comparison was shown in Fig. 4 of the ref. (12). The database can be
used as a tool to make qualitative and quantitative comparison between newly calculated
criticality data and those from existing criticality handbooks.
VII. CONCLUSION AND FUTURE WORKS

In Conclusion, a database of criticality data from various nuclear criticality safety
handbooks and nuclear criticality safety guides has been developed. The database named
NUCDAS runs on the Apple Macintosh Computer. Criticality data from LA-12808, which
contains criticality data for mass, cylinder diameter and slab thickness at-£e<p0.8,0.9 and 1.0
for water-reflected 233U-H20,235U-H2O and " ' P u - H p mixtures, will be added in the future.
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Table 1.1 Number of Curves Stored in NUCDAS (Homogeneous system)
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0

0
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Table 1.2 Number of Curves Stored in NUCDAS (Heterogeneous system)
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Table 2.1 Raw Data of NUCDAS Output File

4

CEA R3114
HANDBOOK TID-7028
AHSB
U-METAL
U-METAL
FUEL U-METAL
ktype
Critical
Critical
CRITICAL
Geometry Mass
Mass
Mass
U235Enrichment
93.2
93.5
93
Pu239/Pu 0
0
0
Pu240/Pu 0
0
0
Pu241/Pu 0
0
0
Pu242/Pu 0
0
0
Pu/(U+Pu)
0
0
0
H/(U+Pu) 0
0
0
X-Data
Hanbook =TID-7028 X-Data
Handbook =CEA R3114
0.0243
1.32471 0.02 2.6 0.0215
1.88166
0.0297
1.07069 0.03 1.275
0.0308
1.16722
0.0397
0.89627 0.05 0.88 0.0458
0.88697
0.063
0.79875 0.08 0.944
0.0614
0.88183
0.1119
1.00372 0.1 1.03 0.0815
0.92487
1.16974
0.1959
1.42352 0.2 1.5 0.1457
0.3492
2.12438 0.5 2.75 0.2189
1.51569
0.6802
3.46127
3.50918 1
5
0.5729
0.9845
13.94411
4.91173 2
9.2 2.3929
2.0611
9.2983
5
18
4.6891
22.74546
3.1963
12.99491 10
26
8.2794
26.69925
5.2155
17.5252 19 22.8 10.2921 26.8773
9.5903
22.3828
17.8694 23.15607
13.0889 23.00393
17.517
21.3284

X-Data

Handbook =AHSB

>
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2
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o
o

Table 2.2 Rearranged Data of NUCDAS Output File
Handbook
FUEL
ktype
Geometry
:U235Enrichment
Pu239/Pu ,
jPu240/Pu

JPu241/Pu
Pu242/Pu
Pu/(U+Pu)
- H/(U+Pu)
X-Data
S

0.0243
0.0297
0.0397
0.063
0.1119
0.1959
0.3492
0.6802
0.9845
2.0611
3.1963
5.2155
9.5903
13.0889
17.517

TJD-7028
U-METAL
Qitical
Mass

*
•

93.2
ft
0 00*
0
,t
o,

- AHSB
- U-METAL
- CRITICAL
Mass
- 93
0
7 ' ' "*-/;'' ' ' '
0

-

0
0
•

•

••.

Hanbook =
TID-7028
1.32471
1.07069
0.89627
0.79875
1.00372
1.42352
2.12438
3.50918
4.91173
9.2983
12.99491
17.5252
22.3828
23.00393
21.3284

CEAR3114
- U-METAL
Critical
Mass
' '
93.5
>

X-Data
0.02
0.03
0.05
0.08
0.1
0.2'
0.5
1
2
5
10
19 '

0 .-*
0
0
0
Handbook =
CEAR3114
2.6
1.275
0.88
0.944
1.03
1.5
2.75
5
9.2
18
26
22.8

0

-

• -

0
0
0

•

.

-

X-Data

Handbook =AHSB

0.0215
0.0308
0.0458
0.0614
0.0815
0.1457
0.2189
0.5729
2.3929
4.6891
8.2794
10.2921
17.8694

1.88166
1.16722
0.88697
0.88183
0.92487
1.16974
1.51569
3.46127
13.94411
22.74546
26.69925
26.8773
23.15607

•.

Note : When a graphic software reads the above data, shaded top 11 rows which contains comments on each curve should be skipped.
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Fig. 1.1 A Criticality Data Cited from Reference (2)
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D. Landaf and 8.A. Hunt
Brief description of the instruments developed at the JRC Ispra which are suitable for
liquid level monitoring application in nuclear processing facilities. The development
work stems from safeguards support activities carried out at the JRC Ispra to the
inspectorate agencies. A range of measurement equipment covering the needs of
the inspector have been designed developed and tested in both the laboratory and in
nuclear facilities. The instruments have been developed for short periodic verification
of operator's instrumentation reading, short term monitoring of tank contents, long
term unattended tank monitoring and tank calibrations. The instruments comprise a
portable pressure measurement device (PPMD), a volume long term monitoring
device (VLTM), dn unattended volume measurement system (UVMS) and a level
measurement unit (LMU). The essential element of each of these devices is the
accurate measurement of pressure utilizing digital pressure modules which are
lightweight and compact. The units can easily and quickly be installed in the plant.
The devices are supported by application software which has been developed and
tested for providing fast data acquisition and on-line analysis. Utilization of the
equipment has proven to give independent measurement checks and confirmation
of operator's instrumentation and declarations, ensuring continuity of knowledge.
The devices have been built to be tamper proof, with signal authentication and when
used in the unattended monitoring mode have an autonomy of power supply in case
of power outage.
Level Measurement Unit (LMU)
(operator unit)

Unattended Volume Measurement System
(inspector unit)

European Commission
Joint Research Centre
institute for Systems, Informatics and Safety
21020 - Ispra (VA), Italy
Tel. +39 0332789027 • Fax +39 0332789216
e-mail: dominique.landat@jrc.it

-457-

Main characteristics of the instruments and software packages developed at the JRC Ispra
Level Measurement Unit (LMU)

Complete measurement station for new installation with dip tube technology. Complete
unit comprising very accurate pressure transducers (0.01% FS), air flowmeters and a
P1100 gage for the Temperature measurement. Use of the RS485 I/O protocol. Several
units can be connected together.

Portable Pressure Measurement Device
(PPMD)

Modular pressure measurement device very simple to Install. Up to 4 pressure
transducers per unit. Several units can be connected together. Fast data acquisition
system, up to 8 acquisitions per second. Closed doors on the front and rear panels to
avoid unintentional events.

Volume Long term Monitoring (VLTM)

Acquisition system which is a tamper proof unit, collecting pressure and temperature
signals. Unattended monitoring up to 30 signals. Programming and downloading using a
laptop computer. 8 hours of battery autonomy. Protection through an electronic key. Data
stored on flash EPROM. In case of power outage, the device will restart automatically to
acquire. More than 350.000 records. Different criteria available for the alarm threshold
setting.

Unattended Volume Measurement System
(UVMS)

Tamper proof unit dedicated for long term monitoring. The UVMS is a typical inspector
unit which comprises the same characteristics and advantages as the PPMD and the
VLTM. The front and rear doors can be sealed.

83
VOLume Calibration & Monitoring
software (VOLCAM)

Volume Long Term Monitoring (VLTM)

i Calibrations
j Attended monitoring

2
n
o

This software running under Windows 95 and Windows NT allows to perform calibrations
on the tank and to monitor up to 10 tanks at the same time. All measured data are
reported to a reference temperature. During calibration the weight values are corrected
according to the buoyancy calculation. Results are presented in graphical and tabular
form and are also available for further data analysis. VOLCAM allows to perform quick
check verifications on the hardware. The software Is protected by an electronic key.

©

o
4

User friendly application to be used with the VLTM and UVMS units. This software is only
used to configure the VLTM and to download the data. These operations are performed
using the parallel port of the laptop. A special function allows system performance check
on the functionality of the measurement devices. Results are presented and compatible
with readily available commercial applications tools (e.g. Excel)
;::i Unattended monitoring

H VOLCAM software
VLTM software

European Commission
Joint Research Centre
Institute for Systems, Informatics and Safety
21020 - Ispra (VA), Italy
Tel. +39 0332789027 • Fax +39 0332789216
e-mail: dominique.landat@jrc.it
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Volume Measurement Study for Large Scale Input Accountancy Tank
S. UCHIKOSHI, Y. WATANABE, T. TSUJINO

Safeguards Analytical Laboratory,
Nuclear Material Control Center,
Shirakata 2-53, Tokai-mura, Ibaraki-ken

INTRODUCTION
Nuclear Material Control Center is developing the technique for the solution volume measurement with
dip-tube bubbler probe system to be applied to the input accountancy tank of Rokkasho Reprocessing Plant
(RRP).

All nuclear material flowing in the RRP is first measured at the input accountancy tank, the

accuracy of solution volume measurement at the tank strongly influences the inventory evaluation.

It is

well known that the solution volume determined with the bubbler probe system, which measures the
differential pressure between two dip-tubes sending air to tubes, shows best accuracy except a weighing
system to be hardly introduced into Japan because of earthquake-proof.

However, this method has not

been applied to a large scale tank such as the input accountancy tank with 25m3 for nuclear material
accountancy in Japan.

It is not clear how the complex inner structure of the input accountancy tank

influences the solution homogenization.

High accuracy measurements need to consider the thermal

expansion and the deformation caused by solution weight at the tank.
tank

ventilation

system

to

And furthermore, the influence of

pressure

measurements must be taken into account
BBEAKPOT

because it may bring about the variation of
reference pressure.

1

\

Therefore, Large Scale

Tank Calibration (LASTAC) facility, including
an experimental tank that has the same volume
and structure as the input accountancy tank of
the 'RRP was constructed in Nuclear Material
Control Center.

Demonstration experiments

have been carried out at LASTAC facility to
evaluate the precision of solution volume
measurements and to establish the procedure
of highly accurate pressure measurements for
a large scale tank with dip-tube bubbler probe
system.

The experiments are broadly divided

into volume measurement experiments and
homogenization experiments.

The former

results are mainly described in this paper.
Fig-1
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Regarding tank calibration experiments carried out three times using pure water with room temperature, the
results are shown as the standard deviation of these calibration curves and as the reproducibility of solution
volume derived with one calibration function composed of three runs.
Outline of LASTAC Facility
LASTAC facility has four floors as shown in Fig-1.

The experimental mock-up input accountancy tank is

installed at the third floor and is rested on four load cells to measure the solution weight in the tank.
Because of weighing, all pipes connected to the mock-up tank use flexible joints at the junction.
mechanical stirrer is equipped at the tank, and its motor with a reducer is installed at the fourth floor.
3

drain tank (25 m ) for preparing and storing the solution is on first floor.

A
The

The accountancy pot (1.5 m3)

and the vessel (0.2 m3) for weighing solution at the calibration are on third floor as other main components
of the LASTAC. The siphon system for transferring the solution from the mock-up tank is on fourth floor.
Furthermore, the solution heating and cooling system is attached to the LASTAC. The operations of these
components, the measurement and the data collection during the experiment are automatically controlled at
third floor.
Principle
Filling tank that installs three dip-tubes, the first (low) is at near the bottom of tank and the second (middle)
is installed to mutually keep vertical distance [S] with solution. The third (reference) is above solution.
Sending air to the dip-tubes such as grow a bubble, difference of pressure [APH] measured between low and
reference is proportion to immersed depth of the first dip-tube.

Also differential pressure between low

and middle installed at different elevations in the tank is proportion to the density [APp] of solution. The
former is called level measurement, and the latter is called density measurement.
The solution height (H) in the tank can be expressed as
p-g
where, g is an acceleration of gravity. The solution density ( p ) in the tank can be expressed as

Since pure water is usually used as an experimental solution in case of the tank calibration, the density of
the water is determined from its temperature.
Tank Calibration
The LASTAC calibration experiments were carried out under the following procedure.

After emptying

the pure water in the accountancy tank into the supply tank, the water is permitted to stand for at least 24
hours until its temperature get close to room temperature.

About 100 L of pure water is transferred from

the supply tank to the weighing vessel, and the water is poured into the input accountancy tank.

The

weight of the poured water is determined with the weight difference at the weighing vessel. The water in
-
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the accountancy tank is mechanically stirred for 5 minutes, and its level and temperature are measured after
the fluidity is settled down. These operations are repeated about 200 times until 20 m3.
Calibration Data
The data of the calibration function are derived from the level pressure, the cumulative solution weight
and the temperature.

The density, p, of water in the tank is determined by a handbook data.

section variation of the accountancy tank is complex because of its inner structure.

Cross

Therefore the

calibration data should be divided into appropriate segments corresponding to the tank cross section to
decrease the residual on a fitting function; increment-slope-plot serves as a tool for these dividing.
The example divided into three segments by an increment-slope-plot is shown in Fig-2.

The solution

level is plotted as ordinate and the solution volume as abscissa in the Figure, that is, it shows the cross
section variation of the tank.

Since the bottom of the input accountancy tank has a spherical surface

while the tank has cylindrical shape on the whole, the cross section of lower part on segment-1 increase
with the second order.

The cross section of segment 1 and 2 is relatively constant in their segment,

however, it shows steep change at the border of both segment because of the inner structure change.
Therefore the tank profile was divided into three segments at first.

These segments were divided to

decrease the residual (within ±2 liter) on a fitting function, and finally the tank profile was determined
to be divided into 16 segments.

The variation of residual volume on three calibrations is shown in

Fig-3.

Segment 3

Segment 2

lst-deg.

3rd-deg.
Segment 1

AV/AH
Fig-2 Rough Dividing of Tank Segment with Increment
Slope Plots
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I

Ruiil

1

««ySi3^

Liquid Level

Fig-3 Profile Plot of 3 Calibration on 16 Segments

In order to evaluate the reproducibility of three calibrations, the standard deviation of these calibrations
were plotted on Fig-4. In the case of Fig-3 where one common function was applied to three
calibrations, the maximum residual for all tank regions was about 2.0 L, in the cases of Fig-4 where
individual function was applied, the maximum standard deviation of three calibrations at 20 m3 was
about 1.6 L.

a
3

2.0

1
3
1.2

Q

0.4

"S
u
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c
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10

55

IS

Solution Volume

Fig-4 Standard Deviation of Residual Volume on 3 Calibrations

The solution volume derived from density pressure measurements was compared with accumulated

-
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The volume difference is shown in Fig-5.
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Fig-5 Volume Difference between Calibration and Ordinary
Volume Measurement (before Correction)
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Fig-6 Level Dependence of Density Pressure and Its Regression
Line

The variation of density pressure corresponding to the water level is plotted on Fig-6.
pressure value after immersing density dip-tubes in the water.

This shows relative

Essentially, the solution density must be

constant regardless of the level in the case that the solution temperature is constant.

However, it was

observed that the pressure linearly decreased against the level increase.

A set of two density dip-tubes is installed into a protection pipe in the mockup accountancy tank.
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Therefore the bubbles produced at the tip of dip-tube may cause a lowering of solution density such as airlift effect in the pipe; the phenomenon is strengthened with increasing air flow to the dip-tube.

As this

variation of density pressure gives good reproducibility for using pure water with constant air flow, the data
of Fig-5 was corrected with a straight line on Fig-6.

The result of volume difference shown in Fig-7 is

within 5 liter in all segments. This kind of data correction is effective in using pure water. However it is
foreseen that the air-lift effect of the input solution is not the same as the water. Mathematical model
under the parameter of solution level, solution density and air flow should be made to stretch the meaning
of this phenomenon to actual solution.

O

j

Runl

I

Run3

5

*
1

Solution Level

Fig-7 Volume Difference between Valibration and Ordinary Volume
Measurement (after Density Correction)

Conclusion
Three calibration experiments were carried out using pure water to evaluate the reproducibility of the
calibration curve and the error for the solution volume measurement at the LASTAC. The calibration
function was determined to minimize the residual of fitting function on 16 segments.

In the case

where one common function was applied to three calibrations, maximum residual for all tank regions
is about 2.0 L (0.01%), in cases where individual function was applied, standard deviation of three
calibrations at 20 m3 was 1.6 L (0.008%).

On the other hand, the solution volume (near 20 m3)

derived from density pressure was about 10 L (0.05%) lower than the calibration volume when the
latter was regarded as the true value.

Thus the LASTAC calibration experiments using pure water

showed good result in reproducibility.

New experiments are planed to study the influence of solution

property such as temperature, density, surface tension and so on.
pressure measurement will be examined in the future.
measurements will be evaluated from these experiment results.
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K. YASUDA, S. USUDA and H. GUNJI
Nuclear Materials Management Technology Laboratory,
Department of Fuel Cycle Safety Research,
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195 Japan

Abstract
A typical phoswich, ZnS(Ag)/NE102A, for simultaneous a- and (3(including y)-ray
counting has been applied to actinide solution monitors. At first the phoswich detector has
been applied in a rotating drum-cell type oc-monitor instead of a conventional Si detector.
Secondly it has been also applied to a dip-type monitor which is directly contacting with solution. In addition, scintillation-light-transmission type phoswich with an optical quartz fiber
is currently developed to make itself compact and flexible. Their capabilities examined by
using 10% enriched uranium solutions are described.
1. Introduction
In order to realize efficient actinide monitoring in a nuclear fuel facility, the authors
have been developing various phoswich detectors, which are the combination of scintillators
with highly selective sensitivity to each
radiation emitted from actinides and
NE102A
largely different decay time from one
another [1-4]. Figure 1 shows a typical
phoswich,
ZnS(Ag)/NE102A,
for
simultaneous a- and ^(including y)-ray
counting. By using a pulse-shapediscrimination technique, the effective
counting with the phoswich detector is
easily achieved.

Photomultiplier
Fig. 1 ZnS(Ag)/NE102A phoswich detector.

*A portion of this work is being performed by JAERI under the auspices of the Science and
Technology Agency of Japan
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This work deals with the application of the phoswich detector to three types of actinide solution monitor.
2. Experimental
The capabilities of each monitor were obtained by using 10% enriched uranium solutions (a specific activity: ca. 0.2 MBq/g, uranium concentration: 10'3 - 102 g/1, HNO3 concentration: 0.1 mol/1). The details of the monitors are as follows.
1)

Drum-cell type

Conductivity

A rotating drum-cell type of
^electrode
, Phoswich detector
a-monitor [5] was installed by
BNFL of UK at Laboratory II
of the NUCEF and was applied
the phoswich detector instead
Rotating
drum
of a conventional Si detector
which was only suitable for aray counting. The phoswich
Tray
consisted of ZnS(Ag) (1"<|> x
Window
10 mg/cm2), NE102A (1"<|) x 5
mmt) and photomultiplier
(Hamamatsu R1464). In order
to measure concentration of the
uranium solution, the detector
Fig. 2 Rotating drum-cell type a-monitor.
was covered with Al- and Aucoated Mylar films to protect it
from light and acid fumes from
the solution, respectively. Figure 2 shows the monitor modified for the performance test.
/

2)
Dip type
A dip-type monitor directly
contacting with the solution [6]
was devised, in which the
phoswich
was
applied:
ZnS(Ag) (10 mm<|> x 10
mg/cm2), NE102A (10 mm<|» x
5 mmt) and photomultiplier

/

L
U soln.

(Hamamatsu R1635).
Figure
3 shows the detail of the

f

(Hamamatsu R1635)
NE102A
(10mm<|>X5mmt)

.ZnS(Ag)
(10mm<j>X10mg/cnv
• Al-coated Mylar
(0.75 mg/cm-)
1
Au-coated Mylar
(0.7 mg/cm2)

Fig. 3 Dip-type monitor.

-

467 -

JAERI-Conf

99-004

monitor.
3)
Scintillation-light-transmission type
A scintillation-light-transmission type monitor with an optical quartz fiber [7] consisted of
ZnS(Ag) (5 mra<t) x 10 mg/cm2),
Glove box
NE102A (5 mm(|> x 3 mmt),
Optical quartz fiber
wmmmm
bundle-type optical quartz fiber
Measurement
system
( 5 mm()> x 2 m ) and photoScintillation light
multiplier (the same as the dip
type). Figure 4 shows the concept of this type of monitor
w
attached to a glove box. Since
scintillation-light wavelength
of NE102A (420 - 470 run)
was different from transmission
Fig. 4 Scintillation-light-transmission type monitor.
wavelength range of the optical
quartz fiber (>450 nm), the
Measurement time : 7200 s
scintillation light from the
10% EU sola : 86 g/1
NE102A was converted by
A figure of merit: 4.0
10'
setting a wavelength shifter,
c
NE172 (5 mm<|> x 1 mmt, 380
3
10"
O
U
- 470 nm -> 470 - 550 nm),
10'
between the phoswich and the
10"
optical fiber.
1000
800
200
400
600

fL

Channel |Time: ns|

3. Results and Discussion
1) Drum-cell type
Figure 5 shows a typical
pulse-shape spectrum for an 86
g/1 uranium solution, measured
with the drum-cell type monitor. It was found that the ocand P(y)-peaks were clearly
separated, and the FOM (figure
of merit) value was about 4.0.
Figure 6 shows the relationships between a- and (3(y)counting rates and uranium
concentrations. Excellent linear

Fig. 5 Pulse-shape spectrum of a uranium solution,
measured with the drum-cell type monitor.

! '
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in"'

in"

in

1

i n ' i o

J

Uranium concentration [g/1]

Fig. 6 Relationships between a- and (3(y)-counting
rates and uranium concentrations, obtained
with drum-cell type monitor.
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correlations were obtained over
about four orders of magnitude.
2) Dip type
While the surface of the detector of this monitor was directly
contacted with the uranium solutions, the resolution between ocand (3(y)-peaks was not so poor
(FOM - 3.3). Figure 7 shows the
relationships between a- and P(y)counting rates and uranium concentrations, which have been obtained over about two orders of
magnitude until the present day.
Data on wider relationships must
be easily obtained by bettering
itself.
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Fig. 7 Relationships between a- and P y
counting rates and uranium concentrations,
obtained with the dip-type monitor.

Measurement time: 1000 s
10%EUsoln.
: 100 g/1
A figure of merit : 1.8
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3) Scintillation-light-transmission
type
This type of monitor is currently
developed as another dip-type
monitor in order to make itself
compact and flexible. By use of
the monitor, a pulse-shape spectrum of a 100 g/1 uranium solution

1

( • •

10'

w

o"

200

.

400

1

Mnii i.
600

800

1000

Channel

Fig. 8 Pulse-shape spectrum of a uranium solution,
measured with the scintillation-light-transmission type monitor.

was successfully measured as shown in Fig. 8. However, the resolution between a- and P(y)peaks was poor (FOM = 1.8), since transmission of scintillation light with the optical fiber
was considerably lost. In near future, we will improve this monitor to direct toward more
effective inline monitor.
4. Conclusions and Perspectives
1) The ZnS(Ag)/NE102A phoswich was a suitable detector for monitoring concentration of
a-emitters and for estimating the quantities of p(y)-emitting contaminants.
2) Excellent linear relationships between a- and p(y)-counting rates and uranium concentrations were obtained over four orders of magnitude by the rotating drum-cell type monitor
applied the phoswich.
3) It is necessary to optimize furthermore the dip-type monitor and to take much data on
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wider relationships between both counting rates and uranium concentrations.
4) The scintillation-light-transmission phoswich with an optical quartz fiber has a promising
perspective of developing a compact inline monitoring system.
5) In near future, we will examine the capabilities for plutonium solutions in the NUCEF.
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Abstract
JAERI has been developing environmental sample analysis techniques for safeguards and preparing
a clean chemistry laboratory with clean rooms. Methods to be developed are a bulk analysis and a particle
analysis. In the bulk analysis, Inductively-Coupled Plasma Mass Spectrometer or Thermal Ionization Mass
Spectrometer are used to measure nuclear materials after chemical treatment of sample. In the particle
analysis, Electron Probe Micro Analyzer and Secondary Ion Mass Spectrometer are used for elemental
analysis and isotopic analysis, respectively. The design of the clean chemistry laboratory has been carried
out and construction will be completed by the end of March, 2001.
Introduction
An environmental sample analysis method is one of the important measures for strengthening
safeguards system introduced on the based of the 93+2 Program of the IAEA. Its aim is to find undeclared
nuclear facilities and to detect undeclared activities by analyzing isotopic fingerprints of nuclear materials
in environmental samples taken from the inside and/or outside of the facility. The IAEA has already
introduced the environmental sample analysis method and has taken samples from the inside of nuclear
facilities in the world including Japan. The samples are sent to the IAEA's network of analytical
laboratories (NWAL) and are analyzed. In order to join the IAEA's NWAL and to maintain the independent
verification scheme of the safeguards system of Japan, it is necessary to develop analytical techniques for
ultra trace amounts of nuclear materials and to prepare a clean chemistry laboratory with clean rooms for
the environmental sample analysis [1].
In this paper, development plan of the analytical techniques is introduced and analytical methods are
discussed. Functions and plan of clean chemistry laboratory are also introduced. Because the laboratory and
the analytical techniques are useful, we will use them for safeguards, CTBT (comprehensive nuclear test
ban treaty) and environmental science.
Fingerprint
Natural uranium has three isotopes: uranium-234, uranium-235 and uranium-238. Low enriched
uranium ( 3 - 5 % 235jj) j s u ^ a s nuclear fuels in the commercial nuclear power plants. To make nuclear
weapon, it is necessary to enrich uranium-235 more than 90%. The presence of high-enriched uranium in
the uranium enrichment facility suggests undeclared activities. During the enrichment of uranium-235 in an
enrichment plant, uranium-234 is also enriched as shown in Fig. l(a). Finding of enriched uranium-234 is
indicative of presence of the enrichment plant. On the other hand, uranium-236 is produced in a nuclear
reactor by 235y (Qj y) 236TJ r e a c t j o n and i s n o t in natural uranium. The presence of uranium-236 shows the
existence of a reprocessing plant.
* A portion of this work is being performed by JAERI under the auspices of the Science and Technology Agency of Japan
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Figure 1 : Fingerprint of nuclear materials

plutonium-241

and plutonium-242.

Analytical method
Analytical methods for the environmental samples can be classified into a bulk analysis and a
particle analysis. Figure 2 shows a proposed flow diagram for environmental sample analysis. The bulk
analysis is the method for soil, vegetation, tissue or water which is taken from inside or outside of the
nuclear facilities. After chemical treatment of sample, isotopic composition and quantity of nuclear
materials in the samples are measured by Thermal Ionization Mass Spectrometer (TIMS) or InductivelyCoupled Plasma Mass Spectrometer (ICPMS). The target values of detection limit are

,

f

Sample
receiving

10 15 g for TIMS and 10 12 g/ml for ICP-MS.

(

Sample
Screening

jr^A I

Other

I Laboratory J

IT

The bulk analysis is useful in finding the
undeclared facility.
On the other hand, the

particle

I Particle Analysis I

Bulk Analysis

1

analysis is selected for a swipe sample,
which is considered to be useful in detecting

Recovery of Particle

the undeclared activities. In the particle

Sample Preparation

analysis, (1) particles are recovered from the
swipe sample, for example, by using a
supersonic wave and then mounted on a
EPMA

silicone wafer. (2) Surface on the sample
holder is measured by Total Reflection XRay Fluorescence Spectrometer (TXRF). (3)

Short-lived Nuclide

Isotope and
Quantitative
Analysis

SIMS

If specific nuclear material is found on the
surface, elemental analysis of the individual
particles is carried out by Electron Probe

Clean Chemistry Laboratory
(Classl00-1000)

Isotope Analysis

Micro Analyzer (EPMA). (4) The isotopic
composition

of the individual

particles

Figure 2 : Flow diagram for sample analysis
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consisting of specific nuclear materials is measured by Secondary Ion Mass Spectromrter (SIMS).
Clean chemistry laboratory
The
clean
chemistry
laboratory was designed for the
environmental sample analysis. Its
construction will be completed by
the end of March, 2001. The
laboratory has an analytical
building with about 700 m2 of clean
rooms and a research building.
Figure 3 shows a layout of the
analytical building. There is a
chemistry area and an instrument
area in the clean rooms. Cleanness
of the chemistry area is class 100,
less than 100 particles in 1 ft^ of air,
Entrance to radiation
Entrance to clean area
and that of instrument area is class
controlled area
1000. The laboratory has three preFigure 3 : Layout of clean chemistry laboratory
treatment rooms, four chemical
treatment rooms, a balance room and a reagent preparation room in the chemistry area, and instrument
rooms and support rooms such as an equipment cleaning room, storage and changing rooms in the
instrument area. The analytical instruments such as TIMS, ICP-MS, TXRF, EPMA, SIMS, cc-ray detectors,
Ge detectors and a liquid scintillation counter will be installed in the instrumental rooms. Building
materials to be used for the clean rooms will be metal free materials except aluminum to keep cleanness in
the rooms. The clean rooms are surrounded by a service area which is used as installation space of
transformer, chiller, storage etc. There are windows to observe the inside of the clean rooms, and visitors
can look at the clean room through the window. Because nuclear materials are used in the clean rooms as
spike and standard, the clean rooms and the service area are radiation-controlled area. The Pressure of the
clean rooms is kept positive in order to maintain cleanness. The pressure of the service area is kept negative
to prevent release of nuclear material.
The laboratory has general laboratories besides clean rooms, which consist of a SIMS room, a
radiometric measurement room, ICP-MS room and two of chemical treatment rooms. The general
laboratories will be used for screening and the treatments of samples that can not be treated in the clean
room due to a lot of nuclear materials contained in the sample.
A contamination checking room and a waste storage room are located at the entrance to the radiation
controlled area. When we enter the clean room, we should change into a clean suit and then have air shower
at the entrance to the clean area. We further have air shower before going to the chemistry area (class 100)
from the instrument area (class 1000).
Conclusion
The construction of the clean chemistry laboratory will be completed by the end of March 2001 and
the analytical techniques for ultra trace amounts of nuclear materials will have been developed until end of
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March 2003. The clean chemistry laboratory will be used not only for safeguard purpose but also for
environmental science and other purposes, for example CTBT verification.
References
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Summary
The extraction of trivalent f-elements by calix[n]arene-type macrocyclic ligands increases in
the order n = 4, 8, 6 corresponding to the balance between cavity size, molecular flexibility,
and number of donor atoms. Introduction of mixed functionalities into calix[6]arenes, e.g.
carboxylic acid and amide groups, results in better extractability of actinides compared with
lanthanides. For calix[4]arenes, such a different extractability could not be observed. Furthermore, the effects of solvent composition with respect to a modifier and of the aqueous phase
composition were investigated.

Introduction
Calix[n]arenes, where n defines the ring size, are macrocyclic compounds that can constitute a platform to which diverse functional groups may be attached. The knowledge concerning their synthesis^'2) and their complexing abilities^'4) has grown rapidly during the
recent years. Due to their hydrophobicity they are also attractive ligands for solvent extraction
of metal ions(^) because of the selectivity which can be achieved. The selectivity results from
the macrocyclic effect, the compatible size of host cavity and cationic guest, and cooperative
binding by several ionophilic groups. Further advantages are the possibility to introduce various ionophilic groups in a certain geometric arrangement within the molecule, to pre-organize
and fix the conformation, to balance hydrophobic and ionophilic character, and to achieve
high yields in synthesis by applying template effects.
Our previous extraction studies on lanthanides(6~8) and actinides^'*1) with calixarenes
as well as published works on lanthanide extraction by other researchers^2"-1^) were concerned with the effect of ligand structure, extraction conditions, and solvent on the extractability, separation and co-extraction phenomena.
In this work, we summarize our results on the extraction of lanthanides and actinides by
calix[n]arenes. In order to extract and separate f-element ions by a cation exchange mechanism we introduced monodentate groups, including -COOH onto the phenolic oxygen atoms
of calix[n]arenes. The investigated compounds are shown in Scheme 1.

Materials and Methods
The synthesis of the compounds 5, 6, and 8 - 1 2 has been described earlier.(9-11,18) The
synthetic route to calix[6]arenes is outlined in Scheme 2. Compounds 1 - 3,(2) 4,( 17 ' 10 ) and 7
(13) Were described in the corresponding references.
Extraction of 24*Am at tracer levels from HN0 3 into chloroform was carried out at 296
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6=0

AH
Ligand 1 (n = 4)
Ligand 2 (n = 6)
Ugand 3 (n = 8)

n-3
n=4, 6,8

c=o

A-

Ugand 5 (R = f-octyl, R1 = R" = j-butyl)
Ugand 6 (R = f-butyl, R1 = H, R" = n-butyl)
'bu

<bu

Ligand 9 (R = H)
Ligand 10 (R = C(O)-N(C2H5)2

OH

Scheme 1:
Structures of the extractants

Ligand 11 (R = H)
Ugand 12 (R = C(O)-N(C 2 H 5 ) 2

K with equal phase volumes on a magnetic stirring plate in a glove box for 4 h at 400 rpm,
followed by analysis (liquid scintillation counting, Beckmann Instr. model LSC 6500) of the
aqueous phase. The specific activity was 1 kBq/ml (3.310"^ M) before extraction. Lanthanide oxides (>99.9%) were converted to perchlorate stock solutions of pH 2.5. Lanthanide
perchlorate solutions were subjected to extraction from dil. HC104 at 298 K for 4 h at 100 rpm
using an overhead shaker in a thermostated box. The aqueous phase for lanthanide extraction
contained 6 lanthanides (competitive extraction) as stated in the corresponding figure captions. Equal volumes of aqueous and organic phase were used for extraction and stripping.
Buffers were not used to avoid possible complexation of the extractants with buffer components. The pH-values given in the figures are equilibrium values, measured with an Ross
combination electrode. The extractant concentration ranged from 0.1 to 10 mM as indicated in
the captions. The solvents were chloroform or toluene (p.a.), washed and equilibrated with
water. Complete stripping of the lanthanides from the org. phases was achieved with 20 mM
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O
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O
C2H5

o
CH 3
4.) NaClO4-complex,
(CH3)3SiI, CHQ 3
K2CO3, Nal, acetone

CH 3
OH
CH 2
C=O
N
C2HJ

J'

CH
^22

CH2
C=0
N

c=o
OH

10

CH2
C=O
OH

11

Scheme 2: Synthesis of extractants based on calix[6]arenes
with RT = tert-Butyl and R" = terf-Octyl

DTPA at pH 5 (mass balance 100 + 2 %). Nearly quantitative stripping (>95%) was found to
be possible with 0.01 M HC1. Lanthanide concentrations in the aq. and stripping solutions
were analysed by ICP-AES (model IRIS/AP, TJA). The data are averages of at least 2 measurements. No extraction took place by chloroform in the absence of calixarenes. Extraction
equilibria were attained within 30 min. of magnetic stirring, as tested with ligands 2 and 5.
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Results and Discussion
1. Ring Size Effects on Am(III) Extraction
It has been previously observed that the extraction of lanthanides(III) by calix[n]arenes from
weakly acidic aqueous solutions occurs better for n = 6 than for n = 4,(">12) even though the
size of the cavity defined by carboxymethoxy groups at the "lower rim" of a calix[4]arene
might be sufficiently large to accommodate not only ions like Na+ @) a n d pb(II) (16) but
Ln(ni) as well. It is concluded therefore that also the metal ion's coordination number must fit
the number of donor atoms. Keeping these requirements in mind, the extraction of Am(IEI),
which commonly is comparable to that of Ln(ffl) was tested with calixarenes 1 to 4, which are
characterized by different ring sizes as follows: Ligand 1: small, rigid, limited number of
donor atoms; Ligand 2: medium cavity size (0.3 by 0.76 nm)(l), intermediate molecular flexibility, 12 donor atoms available; Ligand 3: large cavity which may tend to collaps, high flexibility and thus lower molecular pre-organization, excess number of donor atoms; Ligand 4(^) :
smaller and more rigid than ligand 3, same number of donor atoms. The results, expressed as
distribution ratio D, are shown in Figure la. The highest extraction is observed for calix[6]arene
2, followed by 4,3 and 1. This order reflects the balance between the beforementioned structural features.
Upon the addition of alkali nitrate at a ratio of 2:1 (alkali:ligand) to the aqueous phase,
the distribution ratios of Am(III) increase in two cases, as seen in Figure lb: for ligand 1 upon
adding Na+, and for ligand 4 upon adding K+. Extraction of Am(III) by ligand 1 from sodium
nitrate solutions becomes efficient as for ligand 2 in the absence of alkali. This specific effect,
which is not caused by a salting-out effect, was previously observed for calix[4]arenes and
lanthanides(6'12'19) and results from co-extraction of sodium and f-element ion by one ligand
molecule. In case of the other systems (calix[6]- and calix[8]arene and sodium or potassium
salts) no enhancement in extraction is observed.
2.5^=

,

2.5Ligand

2

Ligand

3

Ligand

1

Ligand

4

1.5 2 2.5 3 3.5
pH
Figures 1a, b: Extraction of Am(lll) by f-butylcalix[n]arenes (n = 4, 6, 8) from
aqueous into chloroform solutions in the absence (1a,b) or presence of alkali
salt (1b). In 1b, the distribution ratio in the presence of alkali (closed
symbols) is compared with that in the absence of alkali (open symbols).
Aq. phase:

241,
Am(lll) 1 kBo/ml, HNO, (vari. cone); closed symbols represent 0.01 M
o

NaNO3 (for ligands 1, 2, 3) or 0.004 M KNO3 (for ligand 4) added to the aq. phase
(ratio alkali:ligand = 2:1).
Org. phase: 5 mM of ligand 1, 2,or 3 (2 mM of ligand 4) in CHCL contg. 2% 1 -octanol.
o
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2. Am(III) and Ln(III) Extraction by Calix[4]arenes with Mixed Functionalities
With the aim of reducing the number of carboxylic acid groups in the calix[4]arene 1 and its
terf-octyl analogon to match the ionic valence of Am(III), compounds 5 and 6 were synthesized. The results on the extraction shown in Figures 2 and 3, indicate however, that the
extraction power of calix[4]arenes is not increased when a carboxylic acid group is substituted
by an amide group. The distribution ratio of Am(HI) with ligand 5 is only slightly higher than
for reference compound 1,
which is mainly due to the
2.5Ligand 5
more hydrophobic nature
of the /-octyl groups. A
Ligand 6
possible exo-orientation of
Ligand 6
the carbonyl oxygen in the
(0.01 M NaNCL added)
amide group may also contribute to the low extractO
ability. The extraction
• Ligand 1
from weakly acidic solu241
tions by the mono-substiAq.
phase:
Am(lll) 1 kBq/ml,
tuted amide 6 is worse
HNO3 (vari. cone); the open
compared with 1, possibly
due to hydrogen bonding
symbol represents 0.01 M NaNOg
between -C=O and -NH.
added to the aqueous phase.
Addition of sodium ions to
Org. phase: 5 mM of ligand in
the aqueous phase inCHCL contg. 2% 1-octanol.
creases the extraction of
Figure 2: Extraction of Am (111) by calix[4]arenes
Am(III) (Fig. 2) and of
bearing carboxylic acid and amide groups.
Ln(HI) (Fig. 3) by ligands
5 and 6, similar to 1 because their common fea1
ture are the four phenolic
La (•) Nd ( • ) Sm (A)
i
/ gar R
oxygen atoms which prefDy(O) Ho(O)Er(V)
§
erably bind Na+. Due to
the co-extraction of Na+,
-1.5-j /
Aq. Phase: HCIO4
the slope of log Dj^n vs. pH
•
-2
containing 0.2 mM of
in Fig. 3 decreases from 3
•
each lanthanide as
:
to 2. Due to the low ex3
perchlorate, in Series B
traction of f-element ions g> -2.5^
/
D
by calix[4]-arenes, we de0.05 M NaCIO,, added
/
cided to change to
to the aqueous phase
A
•3-i
/
calix[6]arenes instead (see
Org. Phase: Toluene
5
4.).

/ 7

-3.5-

containing 5 mM ligand

9

/

V

-4.51.5

1
2

2.5
PH

3

3.5

Figure 3: Extraction of lanthanides by ligand 5 into toluene
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3. Effect of Modifier on the Extraction
The influence of the amount of added 1-octanol on the extraction was tested in order to simulate the effect of the industrial modifier iso-decanol. Figures 4a and 4b show the results for
lanthanide extraction at different concentrations of ligand and different ratios of ligand to
modifier. It is seen that (i) the extraction drastically decreases with increasing alcohol content
in the organic phase, and (ii) the slope of log D vs. pH decreases to values less than 3. We
interpret the lower extraction as being caused by hydrogen bonding of alcoholic -OH groups to
-COOH groups of the extractant, thus blocking the cavity and competing with the metal complexation. Although the absolute amount of alcohol is not high, it is in high excess over the
ligand under these conditions, so that even a weak tendency for complex formation between
ligand and alcohol has an significant effect. The extraction of Am(III) is reduced by alcohol as
well, as seen in Figure 5. There, the data at 5 and at 3 mM ligand concentration fit well the
lines calculated from the extraction constants.(^) The difference between calculated for 2
mM and observed for 2 mM in the presence of modifier is exceeds 1 order of magnitude at pH
> 2.3. It is therefore concluded that an alcoholic solvent modifier is not desirable for carboxylic acid type calixarene extractants.
1-Octanol in%:

•
1.5^

A°
o

-

A
AV^

0.5^

4

2

T Eu A Eu < Eu
A Tb

V Tb O Tb

o Er - • Er

v•o

Q

A • ©
§ 0-_
A V o©
A V• ©
-0.5^
V •
-1-

6

*

0 Er

1-Octanol in %:

0

2
A Eu

A
•
•

•

Tb

O Fr

-1

. 1,,, ,

2.5

1.5
PH

Figure 4a: Effect of modifier (1 -octanol) on the

Figure 4b: Effect of modifier (1-octanol) on the

simultaneous extraction of lanthanides(lll) by

simultaneous extraction of lanthanides(lll) by

reference compound 2 into chloroform.

reference compound 2 at lower concentrations.

Aq. Phase: \jn(C\OJ3 in dil. HCIO4, Ln = Nd +

Aq. Phase: LnfCIO^ in dil. HCIO4, Ln = Nd +

Eu + Er + Tb + Dy + Yb, each Lnflll) 0.1 mM,

Eu + Er + Tb + Dy + Yb, each Ln(lll) 0.01 mM,

Org. Phase: 3 mM ligand in CHCIg contg. 2, 4,

Org. Phase: 0.5 mM ligand in CHCL contg. 0 or

or 6% of 1-octanol.

2 % of 1-octanol. The solid line was calculated
for Nd(lll) from K. (6)

ex
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calculated for
ligand cone, of
5mM

•
o

3mM
2mM +
2% octanol

_

- -

o mM
n
mM

2 mM

Aq. phase: 241 Am (111) 1 kBq/ml in HNO3;
Org. phase: cone, as indicated in chloroform;
straight lines were calculated from Kayl'

'

open symbol represents 2% modifier
(1-octanol) added.

Figure 5: Distribution ratio D of
trivalent Am in the extraction from
aqueous to chloroform solutions by
ligand 7 at different pH values.

4. Extraction by Calix[6]arenes
The reference ligands 2 and 7 are known to extract Ln(IH) from weekly acidic solutions into
chloroform or toluene better than calix[4]arenes and non-cyclic analoga.(14,6) It has been
shown recently,C*»ll) that substituting 3 of the 6 acid groups in ligands 2 or 7 by amide groups
results in extractants with a pronounced selectivity towards Am(III) over Ln(III) (Ln = Nd,
Eu, Tb, Dy, Er, Yb) in extraction from weakly acidic aqueous solutions , which can be applied
for effective ion separation in the range of pH
2.5 to 3.
Ligand 12
Ligand 11
The selectivity for
Am
Am(III) over Ln(III) of
•
•A
Eu
unsymmetrically substituted ligand 10 is slightly
Dy
V
T
lower compared with the
symmetric ligand 12
bearing the same
Aq. Phase: HNCL (c < 0.02 M)
241
ionophilic groups, but in
contg.
Am(lll) (init 1.0 MBq/L),
a different geometric aror Ln(lll) (init. 0.1 mM each)
rangement. Substitution
of the amide groups by
Org. Phase: Chloroform contg.
methyl groups (ligands 9
3 mM ligand.
and 11) significantly reSeparation factor Am/Eu calc. from
duces the extractability
D at pH 2.9 indicated as arrow.
of all the investigated felement ions while keep1.5
ing the difference in extraction between Am(TJI)
and Ln(III), so that a
Figure 6: Difference in the extractability of Ln(lll) and Am (III)
by ligands 12 (closed symbols) and 11 (open symbols).
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separation would be possible in the range
of pH 3 to 3.5. Selected data for Am(III),
Eu(III), and Dy(III) are depicted in Figure 6 and summarized in Table 1. The
stronger binding of Am(III) is interpreted
in terms of additional stabilizing interactions between the complexed cation and
the ^-systems of the cavity forming phenyl rings. Stabilizing contributions of
cation-Jt binding in calixarene complexes
has been reported for alkali ions( 20 ) silv e r , ^ ) and other metal cations. This tendency of Am(III) would be in agreement
with the observation, that its complexes
with 'soft' donor atoms (S, N) are slightly
more stable compared with Ln(III).

•

Ligand 8

T

Ligand 12

•

Ligand 10

A

Ligand 9

V

Ligand 11

Aq. Phase: HCIO4
contg. 6lanthanide(lll)
perchlorates (Nd, Eu,
Er, Tb, Dy, Yb), each
0.1 mM. Org. Phase:
Chloroform contg. 3
mM of each ligand.

Figure 7 shows the extraction of
Nd(III) in competitive extraction by ligands with a different number of carboxylic acid groups. The extraction of Nd(III)
Figure 7: Comparison of the extraction
decreases as the number of -CO0H groups
of Nd(lll) by calix[6]arenes.
decreases. The decrease is partly compensated by amide groups as substituents
in 10 and 12, but nearly fully compensated
in case of Am(III), resulting in the above •mentioned separation. Interestingly, the difference
in extraction power between 11 and 12 is more pronounced compared with 10 and 9.

Table 1: Properties of calix[6]arenes in solvent extraction
No.

of Am(m)

2
7
8
10
9
12
11

Selectivity Sf«

Extractability

high
high
high
high
low
high
low

of Am(m)

2.3
2.22
2.46
2.69
3.02
2.55
3.28

0.48
n.d.
4.4
23.4
30.2(atpH = 3)
109
72.4

* at a ligand concentration^of 0.003 mol-dm'^
** as calculated from K.
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Solvent Extraction of Lanthanides from Their Oxides
with TBP in Supercritical CO2
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nitric acid

I. Introduction
The study of the supercritical fluid extraction (SFE) of heavy metals from acidic aqueous
solution has recently become an interesting subject of discussion among researchers.(1>(5)
Conventional solvent-extraction processes generate large amounts of liquid waste from used
organic solvent in the Purex process, which is commercially applied, for reprocessing of nuclear
spent fuels. A supercritical CO, is one promising substitute for the extraction media to
minimize the amount of solvent waste, since CO2 can be removed from the extracted substance
by gasification under atmospheric temperature and pressure after the extraction procedure.
Additionally, CO2 has attractive properties such as being easily recyclable, non-toxic, stable
chemically and radiochemically, and is inexpensive. There have been few works, however, on
the supercritical fluid extraction of metals, despite these advantages as described above
particularly in the field of nuclear technology. In the previous study(5), a supercritical CO2 was
applied to lanthanide oxide as an extraction solvent. We have found that lanthanide metals are
extractable from their oxides (Nd2O3 and Gd2O3) with supercritical CO2 including TBP and HN0 3
complex. In the present work, we study an effect of the concentration of TBP-HNO3 complex
on the extracted fraction. Additionally an overall reaction-rate constant k is calculated on a
mathematical process model.

II. Experimental
An apparatus for the measurement of the fraction of lanthanide ions from their oxides was
almost identical to that reported previously(5). Schematic diagram of apparatus employed for the
SFE is illustrated in Fig. 1. The major difference from the previous apparatus is that the
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10

Fig. 1

Schematic diagram of the experimental system used SFE of lanthanides
from their oxides.
1; extraction vessel, 2; liquid CO2 cylinder, 3; syringe pump, 4; TBPHN0 3 complex container, 5; plunger type pump, 6; pre-heating coil, 7;
filter, 8; restrictor, 9; collection vessel, 10; pre-cooling coil, 11; precooling bath, 12; strainer, 13; stirrer, 14; pressure gauge, 15; constanttemperature water bath

equilibrium vessel is removed, TBP-HNO3 complex is directly injected to supercritical CO2
through a mixing joint (Kyowa Seimitsu Co., Ltd., KYS-16) by an additional plunger-type pump.
Main part of the apparatus consists of 1) extraction vessel of stainless steel SUS-316 (OM
LABTECH Co. Ltd., MMJ-100), 2) liquid CO2 cylinder, 3) syringe pump (GILSON MEDICAL
ELECTRONICS S. A., 307 piston pump), 4) TBP-HNO3 complex container, 5) plunger-type
pump (GL Sciences Inc., GLS PUS-1.5), 6) pre-heating coil, 7) filter, 8) restrictor (GL Sciences
Inc., stainless steel tubing of 100 \x m and 5 m in length), and 9) collection vessel. During the
extraction procedure, the pressure and temperature inside the vessel were kept at 12 MPa, which
was higher than the critical pressure Pc of CO2 (= 7.4 MPa) and at 313 K higher than the critical
temperature Tc of CO2 (= 304.2 K).
All chemicals used were of reagent grade. TBP and 3 or 0.6 M HN0 3 (KATAYAMA
Chemical Industries Co., Ltd.) were mixed and formed TBP-HNO3 complex.
The
concentration of the TBP-HNO3 complex was equivalent to 1.3 or 0.27 M in an organic phase,
respectively. A 1.0 X10'3 mol of lanthanide oxide (Gd2O3; 0.363 g, KANTO Chemical CO.,
INC.) was placed in the extraction vessel. Through the mixing joint, TBP-HNO3 complex was
mixed with CO2. The liquid CO2 was pressurized up to 12 MPa using the syringe pump to make
CO2 supercritical. The syringe pump system kept the constant pressure by varying the flow rate
of liquid CO2 in range of from 0.8 to 1.5 cnrVmin. The flow rate of TBP-HNO3 complex was
set to be 0.86 cnvVmin. The amount of injected TBP-HNO3 complex was under the solubility
limit. The CO2 in liquid state including TBP-HNO3 complex, which was heated up at 313 K by
passing through the pre-heating coil, was introduced to the extraction vessel (95 cm3). This
supercritical solution reacted the lanthanide oxide in the extraction vessel and formed the
supercritical CO2 including lanthanide-TBP complex. The effluent from the extraction vessel
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was introduced into the collection vessel through the restrictor, where CO2 gasified at
atmospheric pressure and the lanthanide-TBP complex is recovered. The concentration of
lanthanide in the collection vessel was determined by absorption spectrophotometry at 422.6 nm.
The detection limit of Gd is 1.0 X 10"5 mol//. Gd was analyzed by using an atomic absorption
photometer (HITACHI, Z-6100).

III. Results and Discussion
1. Experimental results
The results of the extraction experiments are summarized in Table 1. The extraction
duration was 80 minutes. The solubility of TBP-HNO3 complex in supercritical CO2 was
gradually increase, because the extraction vessel was filled with CO2 from the beginning. Finally
the solubility was 0.15 in volume in this extraction duration. Gd3+ were extracted from this
oxide by using supercritical CO-, containing TBP-HNO3 complex at 313 K and 12 MPa. In the
case of 1.3 M TBP-HNO3 complex Gd3+ was more extracted than one in the case of 0.27 M under
these conditions. Since the experimental apparatus is a flow system, the extracted fraction of
metals from oxide will approach almost 100% on condition that TBP-HNO3 complex was
continued to flow.

Table 1

Recovery fraction of Gd(III) from Gd2O3 by using supercritical CO2
containing TBP-HNO3 complex at 313 K and 12 MPa.

Extraction time (min)

20

35

50

65

80

1.3 M TBP-HNOj complex (mol)

1.8XHT 5 1.5X10- 4 3.8X10- 4 5.8X10" 4 7.6X10- 4

0.27 M TBP-HNO3 complex (mol)

1.8X10" 5 6.5XKT 5 1.5X10" 4 2.7XHT 4 4.0X10" 4

2. Mathematical model
The material balance equation is given as:

at

= F(Cin -

X,

(1)

where V is the volume of the extraction vessel, C, the concentration of lanthanides in the
extraction vessel and F, the flow rate of CO2, X, amount of lanthanide extraction rate in the
extraction vessel. Cin and Cout mean the concentration at the entrance of the vessel and at the
exit one, respectively. It is assumed that the concentrations of lanthanide, C and Cout, are the
same and equal to C. Cjn is zero because of the lanthanide does not flow into the vessel.
Furthermore, we assumed that X, the generation of lanthanide, is in proportional to m, which is
the amount of the lanthanide oxide in the vessel. Using the reaction rate constant k, Eq. (1)
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becomes

kSm

at

(2)

(3)

dt

dt

where S is the solubility of TBP-HNO3 complex in supercritical CO2 in volume, which was
determined by experiments and k is the only parameter that should be evaluated with the fitting of
the experimental values.
Since the initial values of C and m are zero and m0 respectively, for the fitting of £, integrating
Eqs. (2) and (3) with t gives:
F-kSVK
Finally, the extracted amount of lanthanides from tt to t2 is given by:

/(t)

•ta

= L CFdt
(5)

l —02
where

V
92 = — and
r

We applied the Microsoft EXCEL to obtain the best-fitted value of &. The obtained parameter is
7.6 X 1CT3 s 1 for 1.3 M TBP-HNO3 complex. In the case of 0.27 M TBP-HNO3 complex, the
parameter becomes from 2.5 X 10"3 to 4.3 X 10"3 s"1. In Fig. 2, the calculated time-course of the

20

40

60

80

100

Extraction time (min)

Fig. 2

Time-course of the extraction of Gd(III) in dynamic extraction with
supercritical CO2 contained TBP-HNO3 complex. Comparison
between the experimental values ( • ; 1.3 M TBP-HNO3 complex,
• ; 0.27 M) and the values of this model ( • ; 1.3 M, X; 0.27 M)
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extraction Gd(III) in the dynamic extraction with the supercritical CO2 contained TBP-HNO3
complex comparatively agrees well the experiment values.

IV. Conclusion
Gadolinium was extracted from its oxide with TBP-HNO3 complex in supercritical CO2 as
well as Nd, Sm. We studied an effect of the concentration of TBP-HNO3 complex on the
extracted fraction. At 313 K and 12 MPa, the recovery fraction of Gd(III) from Gd2O3(2.0 X 10"3
mol) by using supercritical CO2 containing 1.3 and 0.27 M TBP-HNO3 complex were 7.6 X 10"3
and 4.0 X 10"3 mol during 80 min, respectively. By applying a simple mathematical model with
overall reaction-rate constant k, the experimental observation of the recovery fraction of Gd was
expressed well. The values of* were 7.6 X 10"3 s'1 and 2.5 X 10"3 to 4.3 X 10"3 s"1 at 1.3 and 0.27
M TBP-HNO3 complex, respectively.
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THE FIRST TEST OF 4-GROUP PARTITIONING PROCESS
WITH REAL HIGH-LEVEL LIQUID WASTE AT NUCEF
Y. Morita, I. Yamaguchi, T. Fujiwara, H. Koizumi, M. Kubota
Radioactive Waste Partitioning Research Laboratory
Department of Materials Science
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195
The first test of 4-Group Partitioning Process with real high-level liquid waste (HLLW)
was carried out in the Partitioning Test Facility installed in a hot cell at NUCEF (Nuclear Fuel
Cycle Safety Engineering Research Facility). About 2 L (370 GBq) of the raffinate from the
co-decontamination cycle of Purex Process were used without concentration. The present
paper gives the results of this Hot Test and the comparison with those of Cold Test using
simulated HLLW and Semi-Hot Test using simulated HLLW added with a small amount of
real HLLW and Tc.
1. INTRODUCTION
High-level liquid waste (HLLW) contains long-lived transuranium elements (TRU) and "Tc, '"Sr
and 137Cs which are the main heat generating nuclides, and the valuable platinum group metals (PGM).
One advanced method for managing HLLW is to partition these elements based on their radiological
toxicity and chemical properties. This enables the utilization of some of these elements and the
transmutation of TRU to shorter-lived or stable nuclides. Partitioning has been studied in Japan Atomic
Energy Research Institute (JAERI) for these purposes, and a process has been developed in our laboratory
for the separation of elements in HLW into four groups; TRU, Tc-PGM, Sr-Cs and the other elements,
which is named 4-Group Partitioning Process(l-2).
To demonstrate the 4-Group Partitioning Process by the test with real HLLW, the Partitioning Test
Facility00 was constructed at NUCEF (Nuclear Fuel Cycle Safety Engineering Research Facility) in JAERI
Tokai. At NUCEF, also the Reprocessing Test Facility was prepared in the same hot cell. In 1998, a
reprocessing test(4'5) with a spent fuel burned up to 8000 MWd/t was performed and real HLLW was
prepared.
The first Hot Test of 4-Group
Partitioning Process was carried out with the
High-Level Liquid Waste
prepared real HLLW. Results of the Hot Test will
3
be given in the present paper.
re-treatment
Formic acid (Denitration)
Before the Hot Test, Cold Test and SemiHot Test were carried out in the same facility,
* Precipitate
using 2L of simulated HLLW and 2L of the
DTPA H2C2O4
simulated HLLW added with a small amount of
ASelectiveL
Solvent
real HLLW and Tc, respectively. The present DIDPATRU
solvent
Extraction
3ack-extraction
Group
paper describes the comparison of the results of
these three tests also.

T

Raffinate
3

2. 4-GROUP PARTITIONING PROCESS
The 4-Group Partitioning Process was
developed to treat a concentrated HLLW. A flow
sheet is shown in Fig.l. For the TRU separation,
extraction process with diisodecylphosphoric acid
(DIDPA)(6) was developed, which gives a very high
recovery of TRU. Before the DIDPA extraction,

I

Rare Earths
Tc-PGM
Group

Formic acid -

recipitation by
Denitration

Zeolite and .
Titanic acid

olumn
Adsorption

Sr-Cs
Group

Effluent •

Others
Group

T

Fig.1 Flow Sheet of 4-Group Partitioning Process
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nitric acid concentration in HLLW should be reduced to about 0.5 M. Denitration process with formic
acid was developed for this purpose (pre-treatment step). Precipitate is formed by the denitration, and this
precipitate should be easy to filter. This is important from a chemical engineering point of view. From a
study(7) to obtain an easy-to-filter precipitate, the procedure of the pre-treatment step was modified by
adding a heating step before denitration. Modification of the pre-treatment step is shown in Fig. 2. It
was found, however, that
colloid is formed in HLLW
with the Modified Procedure.
I Denitration |
Colloid causes emulsification
in the DIDPA extraction.
| Heating ]
I Filtration |
An another study*8' showed
that addition of phosphoric
| Heating | | Addition of HsPCU (Mo) | [Addition of Mo(H3PO4)l
acid or Mo is effective to
i
I Heating [
avoid the formation of colloid 1 Denitration | | Denitration 1
| Denitration |
or to remove the colloid as a
.—i
.
. *
1 Filtration [
[Filtration |
[Filtration |
Filtration
precipitate. With this result,
2. Modified 3. Final procedure No.1 4. Final procedure No.2
the Final Procedures No. 1 1. Original
procedure
procedure
and 2 were developed.
Fig.2 Modification of pre-treatment procedure
Figure 3 shows a flow
sheet of the DIDPA extraction
process. In the first extractor, TRU and U are simultaneously extracted from the pre-treated HLLW of
which nitric acid concentration is about 0.5M. Np is also extracted without any valence adjustment in
advance. Hydrogen peroxide is added for effective extraction of Np. In the next step, trivalent actinides,
Am and Cm, and lanthanides are back-extracted with 4M nitric acid. Am and Cm are separated from
lanthanides in the second cycle using DTPA. In the third step of the first cycle, tetravalent actinides, Np
and Pu, are back-extracted with oxalic acid. Np is in the tetravalent state by reduction with hydrogen
peroxide. Finally, hexavalent actinides, U, is back-extracted with sodium carbonate. In NUCEF facility,
tests until Strip II surrounded by the broken line in Fig. 3 can be performed. To test the other steps, some
modifications of equipment are required, but it is possible.
After the extraction step, Tc and PGM are separated from the raffinate. Two methods were studied;
one is the precipitation by denitration(9) and the other is the adsorption with active carbon00"12'. In the
precipitation method, pH of the solution is increased by denitration with formic acid to obtain the Tc-PGM
precipitate. Advantages of this method are that Tc and PGM are separated simultaneously and that Tc can
be selectively dissolved by hydrogen peroxide from the precipitate(9il3), which means it is easy to separate
Tc from PGM. Recovery of more than 99% is difficult by this method, but 90% is possible. In the
adsorption method, Tc can be adsorbed with
active carbon from 0.5M nitric acid solution
and eluted with alkaline solution of sodium
HLLW Feed
Scrub
Solvent
nitrate or potassium thiocyanate.
This
New
HNOs -0.5M 0.5M HNOs
0.5M DIDPA
Solvent
method gives a very high recovery of Tc.
0.1M TBP
I.OMH2O2
H2O2S0I.
On the other hand, it has a disadvantage of
Used
*
* *
incomplete adsorption of Ru and Rh. Pd
Solvent
4M
HNO3
I
Extraction I
| Scrub |
can be adsorbed quantitatively but its elution
is difficult. At present, the precipitation
Raffinate
0.8M H2C2O4
Strip I
method is considered superior to the
|To Next Ste"p|
adsorption method. The adsorption method
Acidity
would serve as an additional process when it
Adjustment
Strip II | 1.5MNa2CO3
DIDPA
HNO3 -0.5M
become necessary to recover Tc with a
Solvent
higher yield.

T

J

.

IT
T

At the final step in the 4-Group
Partitioning Process, Sr and Cs are separated
by adsorption with inorganic ion exchangers
(titanic acid and zeolite). The exchangers
loaded with Sr-Cs can be converted at a
stable material by calcination04', which
contributes the reduction of waste volume.
Fig.3 DIDPA Extraction Process
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3. PARTITIONING TESTS AT NUCEF
The Partitioning Test Facility at NUCEF was constructed for partitioning tests with real HLLW.
Volume of HLLW that can be treated is 2 to 3 L initially. Maximum radioactivity of HLLW is 185 TBq
(5000 Ci). The HLLW comes from a reprocessing test facility at NUCEF.
Partitioning tests at NUCEF are listed in Table 1. As described before, the first Hot Test was
carried out with real HLLW in 1998. About 2 L (370 GBq) of the raffinate from the co-decontamination
cycle of Purex Process were used without concentration. Therefore, element concentration is quite low.
Partitioning test with concentrated HLLW is scheduled in 1999. Before the first Hot Test, Semi-Hot and
Cold Tests were performed. In the Cold Test, non-radioactive simulated HLLW was used. The
composition of the simulated HLLW is shown in Table 2. In the Semi-Hot Test, a small amount of real
HLLW(about 27 MBq), "Tc (350 MBq) and 95mTc (1.5 MBq) were added to the simulated HLLW. Real
HLLW used in this test was obtained from Power Reactor and Nuclear Fuel Development Corporation
(PNC), presently Japan Nuclear Cycle Development Institute (JNC), in 1982. In the Hot Test, elements
concentration was 1/100 of the concentration in Table 2, which is obtained by a burn-up calculation code.
Table 1 Partitioning tests at NUCEF and their condition
Year

Starting Solution

Test Name

Simulated HLLW
1995.6.

1st Cold Test

2L(Table2)

1996.4.

2nd Cold Test

2L(Table2)

1997.9.

Semi-Hot Test

2L (Table2)

Note

Real HLLW

Some modification
from the 1 st Test
2.7x10 7 Bq

" T c 3.7x10" Bq
Tc 1 . 5 x 1 0 ^

95n

1998.6.

1st Hot Test

3.7x1011 Bq

Element concentration
:-1/100 of the above

1999
(Scheduled)

2nd Hot Test

~1x10 13 Bq

Concentrated HLLW

Table 2 Composition of simulated HLLW
Element Concentration
(M)
2.0
HNO3
Na
0.076
Cr
0.0091
Fe
0.038
Ni
0.0060
Rb
0.0074
Sr
0.0165
Y
0.0084
Zr
0.069
Mo
0.069
Tc*
0.003
Ru
0.034

Reagent used

Element

Concentration

Reagent used

(M)
HNO3
NaNO3
Cr(NO 3 ) 3 -9H 2 O
Fe(NO 3 ) 3 -9H 2 O
Ni(NO 3 ) 2 -6H 2 O
RbNO3
Sr(NO 3 ) 2
Y(NO 3 ) 3
ZrO(NO 3 ) 2 -2H 2 O
(NH4)eMo7O24-4H2O
NH 4 Tc0 4 . NaTcO4
RuNO(NO 3 ) 3

Rh
Pd
Te
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd

0.0080

Rh(NO3)3

0.018

Pd(NO3)2

0.0068
0.0371

H2TeO4-2H2O
CsNO3

0.0207

Ba(NO3)2

0.0147

La(NO 3 ) 3
Ce(NO 3 ) 3

0.0330
0.0137

Pr(NO3)3

0.0446

Nd(NO3)3

0.0086

Sm(NO 3 ) 3

0.0019

Eu(NO3)3

0.0010

Gd(NO 3 ) 3

' Tc was added only in the Semi-Hot Test

4. RESULTS AND DISCUSSION
4.1 Pre-treatment Step
Results for the pre-treatment step in the partitioning tests at NUCEF are described below. First,
reduction of nitric acid concentration was safely achieved in all tests. The nitric acid concentration after
the pre-treatment was 0.50M in the 2nd Cold Test, 0.54M in the Semi-Hot Test and 0.45M in the Hot Test.
Second, the precipitate was easy to filter. The pre-treatment procedure used in each test was the Final
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Procedure No.l in the 2nd Cold Test, the Final Procedure No.2 in the Semi-Hot Test and the Modified
Procedure in the Hot Test.
As for the element behavior, 99.5% of Zr and 98% of Mo were removed as a precipitate, which was
obtained in the 2nd Cold Test. The precipitation of Am, Eu, Cs and Tc was not observed in the Hot Test
and in the Semi-Hot Test.
There was no colloid in the pre-treated solution by the Final Procedures No.l and 2, which was
obtained in the 2nd Cold Test and the Semi-Hot Test. In the Hot Test, colloid did not formed practically
even by the Modified Procedure which does not include the addition of phosphoric acid or Mo, because
elements concentrations were quite low.
Solvent

4.2

Feed

Scrub

4MHNO3

400ml/h
DIDPA Extraction Step
100ml/h
100ml/h
100ml/h
Figure 4 shows operating conditions
of the two mixer-settlers installed in the
'.4'
10 11 12 13 14 15 16
Partitioning Test Facility at NUCEF. The
1st mixer-settler has 7 stages for extraction,
1st Mixer-Settler
4 stages for scrubbing and 5 stages for back- Raffinate
Solvent
Am, Cm Ln
extraction with 4M nitric acid. Am, Cm
y
and lanthanides are back-extracted here. In
Solvent
0.8M H2C2O4
the 2nd mixer-settler, the whole 16 stages
300ml/h
300ml/h
are used for back-extraction with oxalic acid.
•
Here, Np, Pu and Fe are recovered from the
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
solvent. In the partitioning test at NUCEF,
the two mixer-settlers were satisfactorily
2nd Mixer-Settler
operated with a good phase separation
Solvent
|Np, Pu (Fe))
because the feed solution did not contain the
Fig.4 Operating Condition of Mixer-Settlers
colloid.
Concentration profiles and
in NUCEF Partitioning Test Facility
fractional distribution of elements were
Feed : pre-treated HLLW, -0.5M HNO3
analyzed. The results are as follows.
Scrub : 0.5M HNO3 - 1.0M H2O2
Figures 5 and 6 show concentration
Solvent: 0.5M DIDPA - 0.1M TBP in n-dodecane
profiles of some important elements at the
1st mixer-settler in the 2nd Cold Test. Lanthanides were extracted with DIDPA and back-extracted with
4M nitric acid. The concentration of lanthanides in the raffinate reached the detection limit. Y was
extracted also but could not back-extracted. Fe showed the similar behavior to Y. Sr and Cs were not
extracted with DIDPA. A small part of Ru and Pd was extracted as shown in Fig. 6.

-A-LainAq. -#-NdinAq. -+-GdinAq. -B-YinAq.
-&-LainOrg. -o-NdinOrg. -Q—Gd in Org.-o-Y in Org.

—±— SrinAq.

—0— FeinAq.

-X-Cs!nAq.

- Q - F e i n O r g . -<>_RuOrg

1E-1

1E-1

1E-2

1E-2

1E-8

—+—RuAq.

—m— PdAq.
- a — Pd Org.

1E-8
1

2

3

4

5

6

7

8

9

10 1 1 1 2 13 14 15 16

Stage. No.

12

3 4 5 6 7 8 9 10 1112 13 14 15 16

Stage. No.

Fig.5 Concentration profiles of rare earth elements
at the 1st mixer-settler in the 2nd Cold Test.
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Figures 7 and 8 show the behaviors of radioactive elements, 241Am, "Tc, 137Cs and 154Eu at the 1st
mixer-settler, obtained in the Semi-Hot and Hot Tests. Am was extracted in a very high yield. The
concentration of Am in the raffinate is lower than the detection limit in both tests.
Figure 9 shows comparison of concentration profile of Am at the 1st mixer-settler. There was no
difference in Am behavior between the Semi-Hot and Hot Tests although the element concentrations were
quite different. A little better extraction of Am is observed in the Hot Test. This is mainly due to the
low concentration of elements, particularly lanthanides. The most important result is that the Am
recovery was high enough even at the high concentration of element that correspond the concentrated
HLLW, which was obtained in the Semi-Hot Test. As shown in Fig. 10, there was no practical difference
also in the Eu behavior among the three tests, Cold, Semi-Hot and Hot Tests.
-•-AminAq.

—•— Tc In Aq.

—*— Cs in Aq.

- O - A m in Org. -O—Tc in Org. - A — Cs in Org.

Eu in Aq.
u in Org.

1E-3

-•-AminAq.

-±-CsinAq.

-B-EuinAq.

—O— Am in Org.

—&-CsinOrg.

—D— EuinOrg.

1E-1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Stage No.

1

Fig.7 Concentration profiles of radionulides(2<1Arn,MTc,137Cs,
154

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Stage No.

Fig.8 Concentration profiles of radionulides(241Arn,137Cs,
154

Eu)atthe 1st mixer-settler in the Semi-Hot Test.

Eu)atthe 1st mixer-settler in the Hot Test.

—•—Am in Aq. Semi-hot —#—Am in Aq. Hot

- • - A q . Cold

- « - A q . Semi-Hot

-CJ-Am in Org. Semi-hot - o - A m in Org. Hot

-O—Org. Cold

- D - O r g . Semi-Hot - O - O r g . Hot

1E1

- • — Aq. Hot

1E1

1E-6

1E-6
1 2 3 4 5 6 7 8 9

1 2

10 1112 13 14 15 16

Stage. No.
Fig.9 Comparison of Am concentration profiles
in Semi-Hot and Hot Tests.

3 4

5 6

7 8 9 10 1 1 1 2 13 14 1516

Stage. No.
Fig.10 Comparison of Eu concentration profiles
in Cold, Semi-Hot and Hot Tests.

- 495 -

JAERI-Conf

99-004

Table 3 summarizes the fractional
Table 3 Fractional distribution (%) of each element
distribution of each element at the 1st mixerat the 1st mixer-settler
settler.
More than 99.99% of Am were
Element Raffinate Stripped with
Solvent
Mass
4M HIMO3
balance
extracted in the Semi-Hot Test and more than
99.999% in the Hot Test.
In the backLa
<0.06
110
<0.01
> 99.93
Nd
< 0.01
98.7
1.3
110
extraction with 4M nitric acid, more than 99.9%
Eu
<
0.006
3.7
116
96.3
of Am were recovered. As for the lanthanides,
94.4
163
< 0.002
1
Y
5.6
more than 99.99 % of Nd were extracted.
i Fe
4.64
94.84
143
0.52
Heavier lanthanide showed higher recovery in 2 ' Mo >95 4
4.1
131
<0.5
the extraction because distribution ratio is higher.
98.7
121
Ru
0.2
1.1
For the same reason, the ratio of lanthanides
c
Rh
>99.0
0.9
115
<0.1
Pd
98.2
117
0.8
1.0
remained in the solvent after the back-extraction
Sr
99.98
< 0.001
113
0.02
with 4M nitric acid were higher in heavier
Cs
129
>
99.91
<0.07
<0.02
lanthanide. The values of the ratios lanthanides
•g
Am
< 0.009
99.8
99.92
0.08
in the solvent indicate that it is necessary to add
Eu
<0.04
104.5
95.0
5.0
more stages to the back-extraction section with
|
Tc
> 99.99
98.7
< 0.002
< 0.008
4M nitric acid. Raising temperature is an w
Cs
< 0.002
110.8
> 99.99
0.005
another method to improve the lanthanide
Am
< 0.0004
0.015
97.5
99.985
|
Eu
96.3
< 0.0007
97.9
2.1
recovery. More than 99.99% of Cs and 99.98%
Cs
99.87
0.0003
90.0
0.13
of Sr remained in the aqueous solution and
therefore they were well separated from
actinides. Other two elements, Y and Fe, were
1E-2
extracted and not back-extracted with 4M nitric acid.
- + - F e in Aq. -«-YinAq.
These results agreed very well with those in previous
-O-Fe inOrg. -D-YinOrg.
studies(6>15) on batch and continuous extraction.
Figures 11 shows concentration profiles of
1E-3
some elements in the 2nd mixer-settler obtained in the
M3-D-O-9
Cold Test. Fe were back-extracted with oxalic acid
in a yield of 99.8%, but Y was not. Y would be
recovered from the solvent in the next back-extraction
with sodium carbonate. Quantitative back-extraction
1 1E-4
of Np with oxalic acid was observed in the Hot Test.
s
Hoi

i-H

CM

o

4.3 Precipitation Step by Denitration
Figure 12 shows procedure of the precipitation
step for the Tc-PGM separation. A concentration
step should be added before the denitration step(16) to
secure the increase of the solution pH and the
precipitation of Tc and PGM. In the Semi-Hot and
Hot Tests, the precipitation step was examined with
this procedure. Table 4 shows operating condition
and the solution pH after denitration as one of the
results of the precipitation step. Since an enough
volume of starting solution (the DIDPA raffinate) was
not available in the Hot Test, nitric acid concentration
did not increase to 2M after the concentration step.
Therefore, it was adjusted to 2M by adding nitric acid.
In the Cold Test, the DIDPA raffinate was denitrated
without concentration, but the pH after denitration
increased to 7.6 and 7.8. In the Semi-Hot Test, pH
was 9.1, which is higher than in the Cold Test
because of higher concentration of elements. On the
other hand, pH in the Hot Test was low because of
the low concentration. The pH after denitration
depends of the elements concentration.
As for the element behavior, 96.2% of Tc were
precipitated in the Semi-Hot Test and 91.8% of Ru,
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Fig.11 Concentration profiles of other elements at
the 2nd mixer-settler in the 2nd Cold Test.

DIDPA Raffinate

[Concentration
Formic acid — i•| Denitration |
[HCOOHMHNO3]=2.2
| Filtration |
Fig. 12 Procedure of precipitation step

JAERI-Conf

99-004

90.0% of Rh and 87.5% of Pd were precipitated in the Cold Test. Therefore it can be concluded that more
than 95% of Tc and about 90% of PGM can be separated by this precipitation method. Since a part of Sr
was precipitated, method of washing out Sr from the precipitate should be examined.
Table 4

Operational Condition and Results in the Precipitation Step

Starting solution

After concentration

pH after
Denitration

Note

0.62 M

7.6, 7.8
(Tested twice)

Denitrated without
concentration

2.3 L

2.1 M

9.1

2.1 L

1.4 M
(2M)

2.7

Test
Name

Volume

[HNO3]

Volume

[HNOJ

Cold

2.1 L

0.62 M

2.1 L

Semi-Hot

7.3 L

0.66 M

Hot

5.6 L

0.52 M

[HNOJ is adjusted to
2M before denitration

5. CONCLUSION
The 4-Group Partitioning Process was tested with 2L and 370 GBq of real HLLW at NUCEF as the
first Hot Test. Each equipment was operated satisfactorily and safely. There was no difference in
element behavior from the Cold Test and Semi-Hot Test. More than 99.999% of Am were extracted from
HLLW with DIDPA. The recovery of Np from the DIDPA solvent in a yield of more than 99.5% was
confirmed.
Concentrated real HLLW will be used in the next partitioning test scheduled in 1999. It is
important to test the process at a higher concentration of element in a high radiation field.
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DISSOLUTION TESTS OF SPENT FUEL IN THE NUCEF ay CELL
INCLUDING DISSOLVER OFF-GAS TREATMENT
H. Mineo, T. Kihara, Y. Nakano, S. Kimura, A. Takahashi, T. Yagi,
G. Uchiyama, S. Hotoku, M. Watanabe, K,Kamei, H. Hagiya, T. Iijima and S. Fujine
Process Engineering Laboratory, Department of Fuel Cycle Safety Research
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken
319-1195, Japan
ABSTRACT
Dissolution tests of 8,000 MWd/t PWR spent fuel were carried out in the ay cell of NUCEF as
the first stage of a series of experimental works using spent fuels. The present dissolution tests
included dissolution of 1.5 kg of the spent fuel, iodine treatment using AgS (silver impregnated silicagel), clarification, and preparation of dissolver solution for the extraction tests following the
dissolution tests. Capture of carbon-14 was also studied in the dissolution tests.
Dissolution behavior was studied by the concentration measurement of U, Pu, gamma species
(Cs-134 and Cs-137, Eu-154 and Eu-155, Am-241), and other fission products (Sr, Ba, Zr, Mo, Ru, L-a,
Ce, Nd, Sm and Pr). Insoluble residue was also analyzed by sampling and filtering the dissolver
solution. In addition, amounts of 1-129 and C-14 trapped were measured.
Change in U concentration of dissolver solution showed that most of the dissolution of U
finished at about 100 minutes after the dissolution was started. Dissolution behavior of the gamma
species and FPs were shown to be almost the same as the U dissolution behavior.
Iodine was removed from the dissolver solution at the iodine stripping tank in two steps. Total
amount of iodine-129 trapped in AgS columns during the tests was found to be 2.10X105 Bq which
corresponded to about 63 % of the iodine-129 amount estimated by ORIGEN calculation. Amount of
carbon-14 was measured to be about 2xlO6 Bq, which suggested that at least several ppms of
nitrogen-14 was initially contained in the fuel as impurity.
Analysis of insoluble residue showed that Ru, Mo, Pd, and Zr were major elements contained.
The molar ratio between Mo and Zr contained in the residue and the X-ray diffractometry of residue
suggested that zirconium molybdate precipitated during the dissolution.
The dissolution tests successfully recovered about 94% of U amount contained initially in spent
fuel. The U and nitric acid concentrations of the U product, which was used in the extraction tests,
were 291.6 gU/L and 3.23 N, respectively.

INTRODUCTION
Nuclear fuel reprocessing are designed to control radioactive material safely within a confined
area. In fact most of radioactive material is separated and is confined in the highly radioactive waste.
However, some elements can easily be mixed into process products, and others like volatile
radioactive materials are diffusive. It is, therefore, necessary to study the behavior of nuclides in the
process to assess the safety margin of radioactivity confinement capability.
In particular, volatile species like iodine are released in the dissolution process as dissolver offgas (DOG). The released iodine contains long-lived iodine-129 which is one of the important nuclides
requiring strict control. Scrubbers and/or adsorbents are used for the removal of iodine. Also, the
DOG contains carbon-14, which is also long-lived radio nuclide and is generated mainly from
nitrogen-14 initially contained in fresh fuel. Further, those two nuclides are expected to be separated
from DOG in an advanced reprocessing concept (PARC process) that could enhance the confinement
capability of long-lived nuclides in a simplified PUREX process (1).
The aim of the present study is to understand the behavior of nuclides during dissolution
including off-gas treatment. It also includes the characteristics of insoluble residue since it is
important for the safe operation and maintenance of a plant. This paper describes the results obtained
in the first dissolution test using spent fuel carried out in the ay cell of NUCEF (Nuclear Fuel Cycle
- 498 -

JAERI-Conf

99-004

Safety Engineering Research Facility). The behavior of nuclides during dissolution, the iodine-129
capturing test using AgS (silver impregnated silica-gel) columns, measurement of carbon-14 amount
contained in off-gas and characteristics of insoluble residue are reported.

EXPERIMENTAL
Dissolution test rig
Figure 1 shows experimental reprocessing head-end equipment used in the study. The
dissolution process comprises a dissolver, an iodine stripping tank, a dissolver solution filter, an
extraction feed tank, a condenser, a scrubber, a filter (HEPA), iodine adsorbent columns and a blower.
The equipment is installed in the ay cell within NUCEF except for the iodine adsorbent columns and
blower, which have been installed in a glove-box above the ay cell.
The first column (column A) contains MS-3A to remove H2O contained in the off gas. Other
three columns (columns B, C and D) accommodate AgS (silver impregnated silica-gel). The iodine
collection efficiency of the AgS columns was over 99.9 %, which was shown in the previous study (2).
A Kr monitor and an NOx monitor are installed in the same glove-box. The blower is used to maintain
the dissolution process under negative pressure for all operating condition. KOH aqueous solution is
used to trap the carbon-14 contained in the off-gas as carbon dioxide. The trap is connected to a
bypass line located between the columns C and D.
Analysis
The dissolver solution was sampled and analyzed to measure the concentration of species
contained in the sample. Potentiometric titration was used for the acidity measurement. An ICP, a and
Y spectrometries were employed to measure the concentrations of uranium, plutonium, other TRU
elements and FPs including iodine. Kr and NOx concentrations in the off-gas were respectively
measured by the Kr monitor consisting of Nal scintillation counter and the NOx monitor. The amount
of carbon-14 trapped from the off-gas was measured by a liquid scintillation counter. In addition, the
ICP and an X-ray diffractometry were employed to analyze the insoluble residue collected.
Experimental condition
Spent fuel was dissolved in the dissolver with 5 N or 4.5 N HNO3. The present study used 1.5
kg of PWR spent fuel (8,000 MWd/t, cooling time: about 19.5 years) which had been sheared into
short pieces. Dissolution was carried out three times and about 500 g of the spent fuel was used in
each dissolution. Following the dissolution, resultant dissolver solution was transported to the iodine
stripping tank where remaining iodine in the solution was stripped. Iodine stripping was carried out in
two-steps operation which has been developed by Sakurai et al.(3). In the first-step operation KIO3 is
added to the dissolver solution in the iodine stripping tank heated up at 373 K and then the solution is
maintained at the same temperature for two hours. In the second-step operation 50 % NO2 gas is
introduced into the tank and maintained at 373 K for two hours. After the iodine stripping, the
dissolver solution was filtrated to remove paniculate residue and subsequently adjusted to 3M HNO3
and 250 gU/1 as extraction feed solution. Table 1 lists up the experimental condition used in the study.

RESULTS AND DISCUSSION
Dissolution behavior
Figure 2 shows uranium and nitric acid concentrations during the dissolution as a function of
time. In the first 50 minutes, the increase in U concentration and the decrease in nitric acid can be
clearly found in the figure. After about 100 minutes the concentration change becomes small,
indicating that the dissolution nearly finished. Figure 3 exhibits the change in dissolver temperature,
Kr and NOx concentrations. In the figure, those two concentration curves respectively have a peak
around 40 minutes, which suggests that the dissolution rate was at the maximum. The peaks level off
after 100 minutes when the dissolution nearly finished as shown in Fig.3. Figures 4, 5, 6 and 7
respectively show the concentration change of a and y species and FPs. It can be seen that the
concentration change rate of almost all the nuclides is high in the first 50 minutes as in the case of U.
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Iodine capture
Table 2 lists the amount of iodine-129 captured in the adsorbent columns installed. Above 94 %
of iodine-129 captured in the columns is found to be trapped by the column B. Amount of iodine-129
contained in the 8,000 MWd/tU was estimated by the ORIGEN calculation. The estimated total
amount of iodine-129 was 337.5 kBq/1.5kgSF. Total amount of iodine-129 captured by the column
was about 211 kBq which is equivalent to about 63 % of estimated amount.
The measurement results of iodine concentration profile in the adsorption columns is shown in
Fig.8. It suggests almost all the iodine introduced into the columns were removed in the columns. The
fraction of iodine collected in the columns are supposed to be in the range of reasonable amount,
because the iodine distribution which had been measured in the previous study using simulated spent
fuel solution have shown the iodine collected in the columns to be about 74 % of the total iodine
added (2). The other part of the iodine was distributed in the HEPA filter, scrubber, surface of off-gas
pipeline, insoluble residue, and other places in the head-end process. In the present study, though the
distribution of iodine have not been measured because of high radioactivity, iodine-129 concentration
in the dissolver solution was measured by the extraction of iodine using CC14 and the results
suggested that there was no significant amount of iodine remained in the dissolver solution.
Carbon-14 measurement
Carbon-14 trapped in the 2M KOH aqueous solution was measured by (3-LSC. The result
showed that the 1.5 kg of spent fuel contained about 2 MBq of the nuclide. ORIGEN calculation
estimated the concentration of nitrogen-14 initially contained in fresh fuel. As shown in Fig. 9, about
5 ppm of nitrogen was estimated to generate 2 MBq of carbon-14. It was suggested that at least
several ppms of nitrogen-14 was contained as impurity in the fuel.
Characteristics of insoluble residue
Dissolver solution was sampled from the iodine stripping tank and filtrated by filters of which
size ranged from 0.45 \im to 10 \im. The residue was analyzed by the ICP and the results were shown
in Fig. 10. Major elements contained in the residue are zirconium, molybdenum, ruthenium and
palladium as shown in the figure. In the experiment using simulated fuel, zirconium molybdate
(ZxMo2O7(OH)2(H2O)2) was found in the dissolver (2). In the figure molar ratio of zirconium to
molybdenum is about 0.5 which suggests zirconium molybdate deposited.
X-ray diffractometry of the insoluble residue collected at hull surface of the spent fuel was
obtained and compared with the XRD data of pure zirconium molybdate in Fig. 11. It is clearly shown
that major constituent of the residue can be identified to be zirconium molybdate.
During the dissolution, molybdenum in the dissolver solution is found to have different
behavior. As shown in Fig. 12, the concentration of molybdenum has a peak around 40 minutes, while
concentration of other elements increased with time. This suggests that molybdenum dissolved
initially in the dissolution and again precipitated with zirconium.
Uranium balance
The dissolver solution in the extraction feed tank after the iodine stripping and the clarification
operations had a nitric acid concentration of 2.03 N and a uranium concentration of 223.49 gU/L. The
solution was concentrated in the tank, and finally feed solution with 3.23 N HNO3 and 291.6 gU/L
was prepared for the extraction test. About 93.7 % of the uranium contained in the spent fuel was
recovered. Rest of uranium was supposed to remain in the piping and heels of tanks.

CONCLUDING REMARKS
The first dissolution test of spent fuel with a burn-up of 8,000 MWd/t was successfully carried
out in the ay cell of NUCEF. AgS column collected about 63 % of iodine-129 contained in the spent
fuel which was estimated by ORIGEN calculation. It was demonstrated AgS column captured iodine
in the spent fuel dissolution. Zirconium molybdate was found in the residue deposited at the hull
surface. The next dissolution test will be conducted using spent fuel with 31,300 MWd/t burn-up in
early 1999.
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Table 1 Experimental condition

Run
No.

U element [g]

HNO3
Concentration
[Nl (volume [11)

Temperature
[K]

Dissolution time
[min]

1

436.05

5

(1.7)

373

200

2

443.01

373

200

3

439.90

5 (1.7)
4.5 (1.7)

373

260

Table 2 Amount of Iodine-129 Captured in the Adsorbent Columns
Column

Iodine Captured \ Bq 1
Run No.l

Run No.2

Run No.3

Iodine

Total

Fraction [%]

stripping
A

703

0.33

B

42,400

84,000

56,100

16,000

199,000

94.44

C

1,960

1,180

2,680

3,310

9,130

4.33

1,890

0.90

210,723

100.00

D
Total

44,360

85,180

58,780
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Figure 1 Experimental reprocessing head-end equipment in the ay cell of NUCEF
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Figure 2 Change in concentration of uranium and nitric acid during dissolution (run No. 1)
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Figure 5 Change in the concentration of y-species during dissolution (run No. 1)
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Figure 6 Change in the concentration of uranium and FP elements during dissolution
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Figure 7 Change in the concentration of uranium and FF elements during dissolution
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andD)
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Tokai-irasra, Naka-gun, Ibaraki-kea, Japan, 319-1195

ABSTRACT
An advanced PUREX process, PARC process (Eartitioning Conundrum key process),
has been developed which can reduce the radioactive waste volume containing TRU elements
and the environmental hazard risk due to long-lived. In the separation of neptunium and
technetium from plutonium and uranium solutions before the U/Pu partitioning step in the
PARC process, the selective reduction of Np(VI) to Np(V) by normal-butyraldehyde and the
high acid scrubbing of technetium are considered.
The distribution behaviors of neptunium and technetium in both the PARC process and
a current PUREX process as a reference were studied in chemical flow sheet experiments
using spent fuel of 8,000 MWD/tU in an a - 7 cell in NUCEF. The experimental data show
that n-butyraldehyde was an effective reductant of Np(VI) in the presence of uranium and
plutonium and that the high acid scrubbing was effective for Tc separation.

1. INTRODUCTION
An advanced PUREX process, PARC process (Eartitioning Conundrum key process),
has been developed which can reduce the radioactive waste volume containing TRU elements
(Np, Pu, Am and Cm) and the environmental hazard risk due to long-lived nuclides such as
Tc,

C and

I1*2*3*. In the separation of neptunium and technetium from plutonium and

uranium solutions before the U/Pu partitioning step in the PARC process, the selective
reduction of Np(VJ) to Np(V) by normal-butyraldehyde and the high acid scrubbing of
technetium are considered4).
The distribution behaviors of neptunium and technetium in both the PARC process and
a current PUREX process as a reference were studied in chemical flow sheet experiments
using spent fuel of 8,000 MWD/tU in an a - 7 cell in NUCEF. The extraction behaviors of
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uranium, plutonium and other tracers (zirconium, ruthenium, cesium and iodine) in the
experiments were measured. This paper describes the major experimental results on the
experiments.

2. CURRENT PUREX PROCESS FLOW SHEET EXPRIMENT
2.1 Experimental
Equipment
Five mixer-settlers (MX-1A, MX-1B, MX-2, MX-3 and MX-4) were used to measure
the extraction behaviors of uranium, plutonium, neptunium, technetium and tracers
(zirconium, ruthenium, cesium and iodine) in the solvent extraction steps. In the current
PUREX process, the flow sheet consists of six steps: co-decontamination, Tc scrubbing, U
recovery, U/Pu partitioning, U stripping and solvent-washing steps as shown in Fig. 1. The
volumes of the mixer and the settler sections of MX-1A, MX-1B and MX-2 having 20 stages
were 6 ml and 17 ml, respectively. The volumes of the mixer and the settler sections of MX-3
with 20 stages were 15 ml and 88 ml, respectively. The volumes of the mixer and the settler
sections of MX-4 with 6 stages were 15 ml and 33 ml, respectively.

Reagents
Purchased reagents such as n-butyraldehyde, TBP and n-dodecane were used without
any special pretreatment. The dissolver solution of spent fuel of 8,000 MWD/tU as a feed
contained 257 g/1 uranium, 900 mg/1 plutonium, 15 mg/1 neptunium and 54 mg/1 technetium,
263 mg/1 zirconium, 118 mg/1 ruthenium, 149 mg/1 cesium and 3.1 M nitric acid. The valence
states of plutonium and neptunium in the feed solution were mainly Pu(VI) and Np(VI),
respectively by a spectrophotometer analysis as shown in Fig. 2. The concentration of nitrous
acid in the feed solution was less than 8 X10' 5 M. Tracers of ^ p ,

95m

Tc, 95Zr, 103Ru and 131I

were added into the feed solution after diluted with nitric acid solution.

Procedure
The feed solution was fed at stage 10 of the MX-1A mixer settler for the codecontamination step. The 7 -ray spectral data of feed solution is shown in Fig. 3. Thirty
percent TBP/nDD was fed at stage 1.
In the current PUREX process flow sheet experiment, the FP scrubbing solution fed at stage
13 and 16 of the MX-1A was 3 M nitric acid. A fresh 30% TBP/nDD solvent was fed at stage
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1 of the MX-2 mixer-settler. The U stripping solution of 0.02 M nitric acid solution was fed at
stage 20 of MX-3. Sodium carbonate of 0.3 M was fed at stage 4 of MX-4 mixer-settler.

Analyses
Uranium and nitric acid were analyzed by an alkalimetric titration method. Nbutyraldehyde

was analyzed by a liquid chromatography method. Alpha-ray and gamma-ray

spectrometers were used to analyze the concentrations of plutonium and the tracer elements
and a spectrophotometer was used to analyze the valency state of the elements in nitric acid
solutions. Nitrous acid and hydrazine were spectrophotometrically analyzed by using
chromogenic reagents. Di-n-butyl phosphoric acid (HDBP) and hydrogen azides were
analyzed by ion chromatography.

2.2 Results and discussion

The uranium, plutonium, neptunium and technetium fractions distributed to the products
and raffinates are shown in Fig. 1. The concentration profiles of uranium, plutonium and nitric
acid in the MX-1A MX-1B, MX-2 and MX-3 mixer-settlers are shown in Fig. 4, Fig.5 Fig. 6
and Fig.7, respectively. The concentration profiles of neptunium and technetium with iodine,
ruthenium, cesium and zirconium in the MX-1A MX-1B and MX-2 mixer-settlers are shown in
Fig. 8, Fig.9 and Fig. 10, respectively. In the co-decontamination step (MX-1A), more than
99.9 % of both the total uranium and the total plutonium, about 50 % of the total neptunium and
99 % of the total technetium fed to the co-decontamination step were extracted by the TBP
solvent. The distribution fraction of neptunium to the raffinate was larger than those of
commercial plants5)>6). The distribution fraction of technetium to the raffinate was almost the
same as those of commercial plants5)l6). The uranium concentration in the organic stream from
the co- decontamination step was 118 g/1. This implies TBP was saturated by uranium in the
solvent. It is considered that the highly saturated TBP caused the distribution fractions of
technetium and neptunium.
In the Tc separation step (MX-IB), the concentrations of uranium, plutonium and
neptunium are almost constant in both the organic and the aqueous phases. As for technetium,
90 % that flowed to the Tc separation step was back-extracted from the solvent stream and
flowed to the Tc product. It is considered that the mixed complexes of UO2(NO3)(TcO4)-2TBP,
Pu(NO3)3(TcO4)-2TBP or Zr(NO3)3(TcO4) • 2TBP in the organic phase were decomposed to
-
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UO2(NO3)2-2TBP, Pu(NO3)4-2TBP or Zr(NO3)4*2TBP in high nitric acid in the Tc separation
step7).
In the U/Pu partitioning step (MX-2), the uranium concentration in the organic phase was
almost constant. The uranium that flowed to the step was not back-extracted from the solvent
stream and flowed to the U stripping step. As for Pu, the concentration in both the organic and
the aqueous phases decreased with approximately the same gradient as in the U/Pu partitioning
step.
The concentrations of neptunium and technetium in both the organic and the aqueous
phases decreased with approximately the same gradient as in the U/Pu partitioning step. About
50 % of the neptunium and technetium that flowed to the step (MX-2) was back-extracted from
the solvent stream loaded with uranium and flowed as Pu product.
The concentration profiles of hydrazine in aqueous phase and hydrogen azide in organic
phase in MX-2 are shown in Fig. 11. The concentration of hydrogen azide in organic phase was
less than 10"3 M. The nitrous acid concentrations in both the organic and aqueous phases were
less than 10"5 M in both the U/Pu partitioning and U recovery steps. The concentration of HDBP
in the U stripped solvent was 4.6 mg/1.
In the solvent washing step (MX-4), alpha, beta and

9:>

Zr activities and HDBP

concentration in the uranium stripped solvent decreased from l,17o to 51.9, from 25 to 0.33,
from 3,675 Bq/cm3 to 16.8 Bq/cm3and from 230 mg/1 to 10 mg/1, respectively.

3. PARC PROCESS FLOW SHEET EXPERIMENT
3.1 Experimental
Equipment
In the PARC process, the flow sheet consists of five steps: co-decontamination, Np
separation, Tc separation, U recovery and U/Pu partitioning steps as shown in Fig. 12.

Procedure
In the PARC process flow sheet experiment, normal-butyraldehyde used as a Np(VT)
reductant was fed at stage 1 of the MX-1B. The scrubbing solutions for neptunium and
technetium fed at stage 10 and 20, respectively were 3 M and 6 M nitric acid, respectively.

3.2 Results and discussion

The uranium, plutonium, neptunium and technetium fractions distributed to the products
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and raffinates are shown in Fig. 12. The concentration profiles of uranium, plutonium and nitric
acid in the MX-IB mixer-settler are shown in Fig. 13. The concentration profiles of neptunium
and technetium in the MX-IB mixer-settler are shown in Fig. 14. In the Np separation step
(MX-IB), the concentrations of U and Pu are almost constant in both the organic and the
aqueous phases in the Np and the Tc separations steps. As for Np and Tc, concentrations in both
the organic and the aqueous phases decrease with approximately the same gradient as in both the
Np and the Tc separation steps. About 95 % of the Np that flowed to the Np separation step was
back-extracted from the solvent stream loaded with uranium and plutonium and flowed to the
Np product. This implies that Np(VI) was reduced to Np(V) by n-butyraldehyde.
As for technetium, about 60 % of the technetium that flowed to the Np separation step was
back-extracted from the solvent stream and flowed to the Np product. In a kinetic study, it was
found that the reduction rate of Tc(VH) by n-butyraldehyde was very small in 3 M nitric acid
solution8). The decrease of U and Pu concentrations in the aqueous and organic solutions by
addition of organic solvent with n-butyraldehyde affected the Tc back-extraction in the Np
separation step (MX-IB). The rest of the technetium was back-extracted with 6 M nitric acid in
the Tc separation step.
In the U/Pu partitioning step (MX-2), the uranium concentration in the organic phase was
almost constant. The uranium that flowed to the step was not back-extracted from the solvent
stream and flowed to the U stripping step. As for plutonium, the concentration in both the
organic and the aqueous phases decreased with approximately the same gradient as in the U/Pu
partitioning step. About 50 % of the Pu that flowed to the U/Pu partitioning step was backextracted from the solvent stream and flowed to the Pu product. The separation efficiency was
very small, compared with those of previous works9)40). It is considered that the short residence
time of the Pu reductant in the U/Pu partitioning step is responsible for the results. The
absorption spectrum of the Pu product solution that the Pu valency in the product solution was
trivalent. Thus Pu(IV) was reduced to Pu(HI) by iso-butyraldehyde.
As for neptunium and technetium, the concentrations in both the organic and the aqueous
phases decreased with approximately the same gradient as in the U/Pu partitioning step. About
50 % of the neptunium and technetium that flowed to the step (MX-2) was back-extracted from
the solvent stream loaded with uranium and flowed as Pu product.
The nitrous acid concentrations in both the organic and aqueous phases were less than 8
X10"5 M in both the U/Pu partitioning and U recovery steps. This indicates that Pu(III) was not
re-oxidized by nitrous acid in the step without hydrazine as a decomposing reagent of nitrous
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acid.

4. CONCLUSIONS

The PARC process has been developed in which salt-free techniques using organic
compounds are considered. The distribution behaviors of neptunium and technetium in both
the PARC process and a current PUREX process as a reference were studied in the chemical
flow sheet experiments using spent fuel of 8,000 MWD/tU in an a - 7 cell in NUCEF.
It was found that n-butyraldehyde was a selective reductant of neptunium(VI) in the
presence of uranium, plutonium and technetium. It was confirmed that high acid scrubbing
was effective for technetium separation.
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Development of solvent washing process using butylamine compounds
Kamei K., Uchiyama G., Watanabe M., Sawada M., Sato M. and Fujine S.
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Tokai-mura Naka-gun Ibaraki-ken, 319-1195

ABSTRACT
A new solvent washing process using normal butylamine compounds as salt-free washing reagents has
been developed. The washing behaviors of plutonium, zirconium, ruthenium and di-n-butylphosphoric
acid (HDBP) are examined in a new solvent-washing process with n-butylamine oxalate and
n-butylamine bicarbonate. In low pH condition, the oxalate washed plutonium and zirconium effectively
in solvent by making oxalate complexes. In high pH condition, the oxalate and bicarbonate washed
plutonium, zirconium, and ruthenium by replacing a nitrate ion with a hydroxide ion and HDBP by
dissociation with the hydroxide ion.
The destruction of butylamine has been studied using a silver catalyzed electrochemical oxidation
technique. 1)a3) The destruction rate of n-butylamine was measured as functions of the concentrations of
butylamine, silver and nitric acid in aqueous solutions, anode potential and temperature. More than 99 %
of n-butylamine in nitric acid was destructed within 240 min by electrochemical oxidation at 1.6 V
versus a reference saturated calomel electrode (SCE).

INTRODUCTION
Advanced reprocessing technologies have been studied to correspond to high burn up fuels for a
light-water reactor and to be consistent with the safety evaluation studies on reprocessing. In these
studies, salt-free technologies are applied to the valency control of long-lived nuclides (Np, Pu, etc.) or
for solvent washing reagents.4'8 The mixed organic solvent of tri-n-butylphosphate

(TBP) and

hydrocarbon diluents such as n-dodecane is applied in the Purex process. The solvent is radiolytically
and chemically degraded. Decomposed organic compound are produced during plant operation. The
degradation products reduce solvent extraction efficiency of uranium and plutonium. Therefore, the
degraded solvent is washed before being recycled.

Now, a new solvent washing process using

butylamine compounds (bicarbonate or oxalate) has been developed. The reagent can be decomposed
into carbon dioxide, nitrogen oxide and water by using destruction methods, and does not produced
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explosive hydrogen azide. The washed fraction of zirconium, ruthenium, plutonium and HDBP were
measured in the simulated solvent in batch and mixer-settler experiments.
There < are some reports that butylamine can be electrolyzed in sulfate acid solution61 and organic
compounds can be electrolyzed with silver-catalyst."2'3' In this study, the destruction behavior of
butylamine has been studied by a silver-catalyst electrochemical oxidation.
This report describes the outline of the development of solvent washing process.

SOLVENT WASHING EXPERIMENTS
Characterization of butylamine
Normal Butylamine is a basic organic compounds (Kb=3.36 at 25 <C).7> The boiling point and
molecular weight of n-butylamine are 78 °C and 73.2, respectively. Normal butylamine is stable and
easy to prepare. TBP loss is expected to be very small during plant operation because the TBP
distribution ratio, which is defined as the ratio of TBP concentration in the 0.25 M n-butylamine oxalate
aqueous phase to that in the organic phase(30% TBP - 70% n-dodecane), is smaller than 1 X 10 ~3.
Bicarbonate and oxalate ions make complexes with metal cations. Thus, n-butylamine bicarbonate and
n-butylamine oxalate have potential as effective solvent washing reagent.
Materials
Preparation of Washing Reagents
Normal butylamine oxalate of 0.25, 0.5 and 1.0 M were prepared by adding oxalic acid to
n-butylamine aqueous solution. Normal butylamine bicarbonate of 0.5 and 1.0 M was prepared by
bubbling carbon dioxide through n-butylamine aqueous solution.
Preparation of Degraded Solvents
The 30 % TBP-70 % n-dodecane mixture was irradiated with a "Co gamma ray of 2.8 W-h/L, while
mixing 3.0 M nitric acid containing zirconium (300 mg/L) and ruthenium (300 mg/L).
Analysis
Concentrations of zirconium and ruthenium were analyzed by inductivity coupled plasma emission
spectrometry. Plutonium concentration was analyzed by the gamma-counting method. HDBP was
analyzed by ion chromatography.
Batch experiment
Procedure
The irradiated solvent was degraded further by contact with 3 M nitric acid solution containing UO22*
(178 g/L) and Pu4* (1.2 g/L) for 3 months. The degraded solvent without stripping was used as
simulated solvent. The simulated solvent and the washing reagent of equal to volumes (10 ml) were
shaken. After the solution settled, the samples of aqueous and organic solutions were withdrawn.
-
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Concentrations of zirconium, ruthenium, plutonium and HDBP in aqueous and organic solutions were
analyzed.
Results and Discussion
The retained concentrations and washed fractions of HDBP, zirconium, ruthenium and plutonium in
the simulated solvent by n-butylamine bicarbonate and n-butylamine oxalate are shown in Table 1. In the
case of bicarbonate, a large amount of bicarbonate of yellow color was precipitated. The precipitate
seems to include plutonium in addition to uranium, because Pu4* is precipitated when sodium bicarbonate
is added in same pH condition.81 Plutonium concentration in the aqueous and organic phases was not
measured for precipitation in the bicarbonate case. In the oxalate cases, no precipitate was observed. The
difference of the precipitation behavior between the two compounds is caused by the difference in the
strength of the chelate effects of oxalate and bicarbonate ions influencing the solubility of complexes."
This experimental data show, the higher the concentration of butylamine compounds are, the higher
washed fraction of plutonium, zirconium, ruthenium and HDBP. The washed fraction of HDBP with the
bicarbonate (93.9 %) is better than with the oxalate (51.7 % ) . The fraction of zirconium (99.9 %) and
ruthenium (92.0 %) with the bicarbonate is equal to with the oxalate. The fraction of plutonium with the
oxalate is high ratio (99.9 %).
And it show that the pH condition in washing solutions has a significant influence on the effectiveness
of washing. The oxalate effectively washes plutonium and zirconium in low pH condition by making
oxalate complexes. The oxalate and bicarbonate wash plutonium, zirconium and ruthenium in the high
pH condition by replacing a nitrate ion with a hydroxide ion and HDBP by dissociation with the
hydroxide ion.
Table 1 Retained concentrations of HDBP, zirconium, ruthenium and plutonium
in solvent washed with n-butylamine compounds in batch experiments
Retained concentrations* in the solvent
Zirconium Ruthenium Plutonium
HDBP
Concentration
c
Washing reagents
(M)
pH" (mg/L) (%) (me/L) (%) (mg/L) (%) (mg/L) (%)
n-butylamine
0.5
7.6 872.1 (38.8) 81.0 (54.5) 2.7 (59.4) ._.' (...)
bicarbonate
86.9(93.9) 0.18(99.9) 0.53 (92.0) — (...)
1.0
6.1
n-butylamine
0.5
9.5 1230.0 (13.7) 0.36(99.8) 1.5 (77.3) 0.001 (99.9)
oxalate
1.0
0.8 688.3(51.7) 0.17 (99.9) 0.53 (92.0) 0.001 (99.9)
"Initial concentrations in simulated solvent : HDBP, 1425 mg/L; zirconium, 178 mg/L;
ruthenium, 6.6 mg/L; plutonium, lg/L.
"Before washing in 0.5 M and after washing in 1.0 M.
"Washed fraction.
"Not measured.
Flow sheet experiment
Procedure
Two runs (low and high pH conditions) were conducted to obtain the decontamination factors of
HDBP, zirconium and ruthenium in a multistage contacter in a flow sheet experiment using a
mixer-settler. The irradiated solvent containing zirconium, ruthenium, HDBP and 0.5 M nitric acid was
used. In run A, the solvent was washed twice by water before the experiment to decrease initial nitric
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acid concentration in the solvent. The bicarbonate was not used because the bicarbonate was precipitated
in the batch experiment. Plutonium did not add to the irradiated solvent because plutonium has nearly
the same washed fraction as that of zirconium, based on the results of batch experiments. The solvent
and the washing reagent of 0.25 M n-butylamine oxalate (pH = 9.3) were fed to the miniature
mixer-settler having four stages (mixing section: 6 ml, settling section: 17 ml) at room temperature. The
experimental flow sheet is shown in Fig.l. The flow ratio of organic to aqueous solutions was 5.8, a
standard condition in the ordinary solvent-washing process.
200 ml/h -*

*- 34 ml/h

J I

J L
r

Simulated
solvent

1 I 1 11 1 4

I

1 £. 1 J

1 •*

Washing solution
MIXER-SETTLER (0.25 M n-butylamine oxalate)
(4 stages;

j

J JL

J L
Washing solution waste

Washed solvent

Fig. 1 Experimental flow sheet for solvent-washing process with n-butylamine oxalate
Results and Discussion
Low pH condition (run A : pH -0.37

0.77)

Figure 2 shows the concentration profiles of
O)

HDBP, zirconium and ruthenium in the organic
phase and pH in the aqueous phase in the

Concentrations in simulated solvent
HDBP; 374 mg/l, Zr; 294 mg/1
Ru ; 23.9 mg/l, H+ ; 0.5 M
HDBP In organic phase -

mixer-settler in run A. At the first and second
stages, organic phase was slightly turbid. At
the third and fourth stages, the organic phase
was transparent. At the settler section of the
first stage, a very thin emulsion phase was
observed in operation. It, however, disappeared
as soon as the operation was stopped.
The zirconium concentration in organic
phase decreases,

1

which the decontamination

2
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4
Stage number [-]
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factor of >3000 is obtained in four stages.
Fig. 2 Concentration profiles of zirconium, ruthenium
and HDBP in the organic phase and pH profile
in the aqueous phase in the mixer-settler (run A)
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Ruthenium and HDBP are not effectively washed, which the decontamination factors of HDBP and
ruthenium are 1.36 and 1.23, respectively.
These results agree with the fact that zirconium is effectively washed in the low pH condition and
HDBP and ruthenium are not washed as much in batch experiment. A high enough decontamination
factor of zirconium was obtained in the low pH condition. In the plant, however, the discharged solvent
from the uranium and plutonium back-extraction steps before the solvent-washing step contains a very
low concentration of nitric acid less than 0.01 M. The addition of oxalic acid or nitric acid into the
washing solution may be required to maintain the low pH condition for the plutonium and zirconium
washing at the solvent-washing step.
High pH condition (run B : pH 8.04 ~ 8.89)
Figure 3 shows the concentration profiles of
HDBP, zirconium and ruthenium in the organic
phase and pH in the aqueous phase in the

= 10 4
CD

e

,

~ io3

Concentrations in simulated solvent
HDBP; 57.5 mg/l, Zr; 102 mg/l
Ru ; 6.2 mg/l, H+ ; 0.0 M

I

mixer-settler in run B. At the all stages in the
pH in aqueous phase

1

settler section, a thicker emulsion phase was
observed from 5 to 20 mm in thickness. The

Zr in organic phase

emulsion behavior shows that the low pH

HOBP in organic phase -

condition so as to make less emulsion phase.
The concentrations of zirconium, ruthenium
and HDBP in the organic phase decrease along
with the stage number with nearly the same
slope.

The
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decontamination

factors
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ruthenium and HDBP are 76, 56

and 41, respectively. The decontamination

Fig. 3 Concentration profiles of zirconium, ruthenium

factor of zirconium in run B is lower than that

and HDBP in the organic phase and pH profile

in run A, and those of HDBP and ruthenium in

in the aqueous phase in the mixer-settler (run B)

run B are higher than those in run A.
These results correspond with the fact that
high washed fractions of ruthenium and

Table 2 Decontamination factors of HDBP obtained
in run B and in the WAK plant

HDBP are obtained in the high pH
condition in the batch experiment.

HDBP concentration
(mg/L)

As for HDBP, it is considered that the
required decontamination factor in the

Simulated

Washed

Decontamination

solvent-washing process is almost obtained

solvent

solvent

factor

under the experimental

conditions as

run B

shown

The

WAK plant

in

Table

2.

HDBP

concentration of 57. 5 mg/L in the solvent
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is nearly the same as those of reprocessing plants. The HDBP concentration is reported to be ~ 80 mg/L
in the solvent of the Wiederaufarbeitungsangle Karlsruhe (WAK) plant in Germany.10* In this run, the
retained concentration of HDBP in the washed solvent is 1.0 mg/L. This value is smaller than 2 mg/L of
the washed solvent in the WAK plant. It is reported that HDBP of this concentration in the solvent
insignificantly affects the solvent extraction efficiency of uranium and plutonium in recycle use.'"

BUTYLAMINE DESTRUCTION EXPERIMENTS
Silver catalyzed electrochemical oxidation process
The mechanism of a silver catalyzed electrochemical oxidation process of organic materials is
described as follows:12'13'
At the anode, Ag ( I ) is oxidized to Ag (II) via an one electron electrochemical reaction:
Ag+ —

Ag2t + e

(1)

In the anolyte, the Ag ( H ) reacts with water to form species such as OH radical.
2Ag2* + H2O -*

2Ag* + 2H+ +

-OH

(2)

The radical reacts with the organic materials fed to the anolyte and oxidizes them to carbon dioxide,
some carbon monoxide, water and inorganic products arising from any nitrogen, phosphorus, etc.
Organics +

-OH - •

CCh , CO , H2O

(3)

The silver returns to the anode for re-oxidation. The H* ions migrate across the membrane to the
cathode compartment under the influence of the applied voltage and at the cathode react with nitrate ions,
forming mainly nitrous acid. The nitrous acid can be reduced further to gaseous nitrogen oxides.
NO3- + 3ET + 2e" ->

HNO2 + H2O

(4)

The electrochemical oxidation process has several advantages in terms of cost and safety:

14)

1) operation at room temperature and atmospheric pressure reduces the possibility of volatilization
and discharge of unreacted waste,
2) the electrochemical efficiency is very high,
3) although silver is used in this process, it acts as a reusable catalyst so no silver waste is generated,
4) the process operation can be discontinued within seconds by simply cutting off power to the
electrodes.
Materials
Preparation of Decomposing Samples (test solutions)
Normal butylamine nitrate solution of 0.19, 0.38 and 0.76 g/L were prepared by adding n-butylamine
to nitric acid solution. The concentration of nitric acid in the butylamine nitrate solution were 0.01, 1, 2
or 3 M. The concentration of silver catalysis (silver nitrate) added into the butylamine nitrate solution
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were 2.5, 6.25, 9.4, 12.5 and 25 g/L before the experiment use.
Analysis
Concentrations of n-butylamine were analyzed by Total Organic Carbon analyzer (TOC). TOC which
had estimated the remains of organic carbon in the test solution determined the decomposing fraction of
butylamine. These solutions do not included carbon dioxide in the air, because these solutions are
controlled at less than pH 4 with nitric acid and carbon dioxide do not kept in test solution.
The destruction fraction of butylamine, F, is defined by Equation (5).
F = [ { 1 - Cn-butylamine) J /

Cn-butylamine] o]

X 100

(5)

In the above equation, Cn-butylamine] o is the initial concentration of n-butylamine and
Cn-butylamine) . is the concentration of n-butylamine at the time t.
Experiment
Procedure
The destruction rate of n-butylamine in nitric acid solution was measured by an electrochemical cell
(100 ml) consisting of a platinized titanium anode, a platinized titanium cathode and a saturated
calomel reference electrode (SCE) as shown in Fig. 4. The cathode was separated from the anode by a
medium grade porous frit. Air bubbled through the cell served as a stirring mechanism and at the air
flow rate of 200 ml/min. In the experiments, the potentiostatic method was used to control the anode
potential to prevent

the extra

generation of oxygen at the anode
and hydrogen at the cathode. The
temperature of electrochemical cell
©Anode
©Cathode
©Saturated calomel
reference electrode(SCE)
®Glass tube with porous frit
®Th ermocou pie
©Nozzle for air bubbling
®Condencer

was controlled by a thermostat.
The off gas from the cell was
cooled to about

5

C in a

condenser and was then returned to
the cell.

Fig. 4 Electrochemical cell for destruction of butylamine

Results and Discussion
Effect of nitric acid concentration
Figure 5 shows the destruction rate of n-butylamine as a function of time under the concentration of
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( 0.01
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3 M) . The

experimental conditions were n-butylamine
concentration of 0,19 g/L, silver nitrate
concentration of 12.5 g/L, temperature of
50 t and the anode potential (1.6 V)
versus SCE. More than 90 % of butylamine
in 3 M nitric acid solution was destructed
within 240 rain by the electrochemical
oxidation at 1.6 V. The lower concentration
of nitric acid, the less destruction of

200
300
Destruction Time (min)

butylamine was. In case of 0.01 M nitric
acid, n-butylamine hardly destructed.

400

Fig. 5 The destruction rate of n-butylamine varied
the concentration of nitric acid

Effect of silver nitrate concentration
Figure 6 shows the destruction rate of n-butylamine as a function of time under the concentration of
silver nitrate

(0

~

25 g/L) . The

experimental conditions were n-butylamine
concentration of 0.19 g/L, nitric acid
concentration of 3 M, temperature of 50 t
and the anode potential (1.6 V) versus
SCE. Butylamine was little destructed
without silver nitrate. More than 80 % of
butylamine was destmcted within 330
minutes under the conditions of silver
nitrate concentration of 2.5 ~ 25 g/L.
There

data shows that

300
Destruction Time (min)

silver nitrate

catalyzed the electrochemical oxidation of
butylamine.

Fig. 6 The destruction rate of n-butylamine varied
the concentration of silver nitrate

Destruction rate constant of butylamine
Figure 7 shows the natural logarithm of a function of time for the destruction rates of n-butylamine.
The linear relationship in fig. 7 indicates the destruction rate is first-order with respect to n-butylamine
concentration under these conditions. The apparent destruction rate constant k is estimated from the
following equation:
d Cn-butylamine] / dt = -k Cn-butylamine]

(6)

The apparent destruction rate constant k of n-butylamine is shown in Figure 8 as a function of silver
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nitrate concentration. The higher the silver nitrate concentration in the solution was, the bigger the
apparent destruction rate constant of butylamine was slightly. The apparent destruction rate constant of
n-butylamine in the n-butylamine concentration of 0.19 g/L is almost the same as that of-0.38 g/L.
However, the apparent destruction rate constant of n-butylamine in the n-butylamine concentration- of
0.75 g/L is the smaller than those of 0.19 and 0.38 g/L. The rate constant seems to be influenced by the
concentration ratio of butylamine to silver nitrate.

n-BuMamine
:0.19a/l
Silver Nitrate
: 2 5 qfl
Nitric Acid
:3 M
Anode Potential: 1,6V vs SCE
Temperature
: SO "C

CO
LJ_

§-1

•g-2
CD

Q
200"
100
200
3C
Destruction Time (min)

10
W
Silver Nitrate cone, (g/l)

Fig. 7 Destruction fraction, f, of n-butylamine

30

Fig. 8 Apparent destruction rate constant of
n-butylamine and current as a function

as a function of time

of silver nitrate concentration

CONCLUSIONS
Normal butylamine compounds were proposed as salt-free reagents for the solvent-washing process.
The washing behaviors of plutonium, zirconium, ruthenium and HDBP with n-butylamine oxalate and
n-butylamine bicarbonate were studied in the batch experiment and in the flow sheet experiment. In low
pH condition, the oxalate washed plutonium and zirconium effectively in solvent by making oxalate
complexes. In high pH condition, the oxalate and bicarbonate washed plutonium, zirconium, and
ruthenium by replacing a nitrate ion with a hydroxide ion and HDBP by dissociation with the hydroxide
ion.
In the experiment of a silver catalyzed electrochemical oxidation, the destruction rate of butylamine
was measured as a function of the concentrations of butylamine, nitric acid and silver nitrate. More than
90 % of n-butylamine in 3 M nitric acid was destructed within 240 minutes by electrochemical oxidation
at 1.6 V versus a reference SCE.
Further study is required to investigate the destructing conditions and the by-products of butylamine
compounds, and to conduct the experiments with a solvent that has been used in actual Purex
reprocessing at full activity levels to fully confirm this conceptual process.
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Measurement of Actinide Concentration in Solution Samples
from the NUCEF Reprocessing facility by X-ray and
Low Energy Gamma-ray Spectroscopy.
P.J.A. Howarth*, G. Uchiyama, T. Asakura, M. Sawada, H. Hagiya and S. Fujine.
Japan Atomic Energy Research Institute.
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195. JAPAN
ABSTRACT
X-ray and low-energy gamma-ray spectroscopy has been used to measure actinide concentration within the backend nuclear fuel reprocessing research facility at NUCEF. Research on advanced reprocessing techniques at
NUCEF is based on the PARC refinement of the PUREX process which aims to recover Am and Cm from the
highly active waste stream and to control and partition Np and Tc. It is hoped that the PARC process will
mitigate the environmental impact of the wastes and improve the economy of reprocessing. The main actinides
for which assay is required are U, Pu, Np and Am and knowledge of these concentrations will enable the
following to be determined: i.) evaluation of the distribution of actinides throughout the reprocessing facility ii.)
verification of the simulated actinide distribution from chemical kinetic simulations of the PARC process and
iii.) assurance of safety and control over migrant radioactive species. The research presented here shows that
passive measurement of x-rays and low-energy gamma-rays from solution samples provides an accurate and nondestructive means for assaying the concentration. The measurement technique is based on the use of the
characteristic low energy gamma-rays and internal conversion x-ray emission from actinides (1 lkeV to 22keV).
The x-ray emission is a few orders of magnitude more intense than the characteristic gamma-ray emission and
can be easily detected from solutions. The experimental system described here can be used for solution
monitoring to a minimum concentration of typically 10-6 M for Pu, 10-10 M for Am and 10-6 M for Np.

1.

INTRODUCTION

At JAERI, advanced reprocessing research is focused on the PARC (Partitioning Conundrum Key) refinement
[1] of the PUREX process using a small scale reprocessing research facility at JAERI's Nuclear Fuel Cycle
Safety Engineering Research Facility (NUCEF). The PARC process differs from conventional reprocessing in
that Am and Cm are separated from the high level waste raffinate and Np is separated prior to U and Pu
partitioning. Figure 1 shows a schematic diagram of the PARC process. The key measurement points at which
monitoring of the actinide concentration are considered necessary are the Tc, Np, Pu and U product streams
Off-Gas

Spent Fuel
Iodine Collection

Np / Tc
Separation

pu
Separation

Dissolution

Am Separation
:

Recycling

undamental Chemistry
Research

Acid

Sol.
Organic Flow
Aqueous Flow

Research on Partitioning
Process

HAW
Mixer - Settler

Figure 1. Flowsheet for PARC refinement of the PUREX process.

Corresponding author. Present Address: Product Development Centre, British Nuclear Fuels pic.
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The detection system has been developed as an off-line monitor using samples from the reprocessing facility
transported to a fumehood, however it is envisaged that an on-line system could be developed based on the work
described here.

2. PRINCIPAL OF MEASUREMENT TECHNIQUE
The technique is based on measuring x-ray and low energy gamma-ray emissions from the actinides. The most
intense emission lines at low energy for Pu are the Uranium L x-ray lines that are a result of the alpha decay of
Pu. For 238 Pu, the x-ray lines in the region l l k e V to 23keV are 28,000 times more intense than the 43.47keV
gamma-ray, see Table 1.
Table 1. X-ray and gamma-Tav emissions from the actinides of interest.

87.8 y
24.1 ky
6.6 ky
14.4 y
373.5 ky
432.7 y

L x-ray
emission
s/g
6.9 xlO10
9.6x10'
8.9 x 10s
4.1 xlO 3
1.3x10'
5.0xl0 lu

U

6.8 d

1.7 xlO15

Np

2.14 My

1.4x10'

24.1 d

9.1 xlO' 3

Nuclide
238

Pu
239
Pu
240
Pu
24I
Pu
242
Pu
241
Am

237

23/

234 T h

Half-life

Gamma-ray
/keV

y emission
s/g

Ratio
x / y emission

43.47
51.62
45.24
98.43
44.92
26.33
59.54
64.8
26.33
59.54
64.8
29.38
63.3

2.5 x 106
4.8 x 10*
3.8 xlO 6
6.9 x 106
5.3 x 104
3.0x10'°
4.5x10'°
1.8 xlO 3
5.9 xlO 14
9.9 xlO 14
3.1x10"
3.4 xlO 6
3.9 xlO' 3

28000
200
240
0.0006
240
1.65
1.1
2.8 x 10'
2.9
1.7
5.5 xlO 3
4.0

2.4

Detection of low energy photon emission implies that the thickness of the active detector can be kept to a
minimum which has the advantage of ensuring that the detection efficiency for higher energy gamma-rays from
fission products is significantly less than for the L series x-rays. This will hopefully improve the signal to noise
ratio at low energy.
For assaying 237Np, the gamma-ray emission at 29.4 keV is most suitable since it is free of interference from
other gamma-ray emissions. 241Am assay can be achieved using either the 26.3 keV or the 59.5 keV gamma-ray
237
^ ' needs to be accounted for should it be present. Fortunately, 237
emissions although interference from ^'U
U
emission has been shown through calculations not to interfere with the measurements [2].
A disadvantage of utilising the U L x-ray emission for measuring Pu is that the energy of the x-rays are not
dependent on the isotope since it is an atomic rather than nuclear transition. Thus in order to utilise the U L x-ray
emission for the assay of Pu it is necessary to accurately determine the Pu isotopic composition by another
means. Given that this is possible for all anticipated irradiated fuel reprocessing tests in NUCEF, the utilisation
of x-ray emission is considered viable.
A disadvantage is that the difference in the energy of x-ray emission associated with the decay of the acrinides is
less than the resolution of a typical semiconductor detector and so the emission lines tend to overlap. Figure 2
shows the slight difference in the energy of the L x-ray emission for the main actinides of interest as measured by
a Si(Li) detector. This problem can be overcome by relating the x-ray emission lines from the decay of Am and
Np parents to characteristic gamma-ray emission, thus accounting for any x-ray emission not from the decay of
Pu.

-
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Two techniques are also proposed for assaying the uranium concentration. Firstly it is possible to use the
gamma-ray emission at 63.3 keV from 234Th, the daughter of 238U. 234Th is an active emitter due its short half-life
however concentrations of 234Th will be small due to the long half-life of its parent. The second technique relies
on internal self absorption of gamma-rays within the liquid sample. It is possible to measure the relative change
in peak heights of the 59.5 keV and 26.3 keV emission from 241Am and provided that uranium is the most
concentrated species, its concentration can be obtained. This latter technique can be used with either an external
24
'Am source or the 241Am within the sample liquid itself. Obviously the calibration for internal and external
sources will be different and careful interpretation of the data is required.

250000
- Pa L x-rays
• U L x-rays
-Np L x-rays

12

16

13

17

18

19

22

Energy/keV

Figure 2. Energy of the x-ray emission resulting from the decay of 237Np, Pu and 241Am parents.
An example of an acquired Pu spectra from a sample with significant 241Am grow-in is shown in Figure 3 using a
Si(Li) detector. A procedure for separating the U L x-ray emission (from Pu decay) and the Np L x-ray emission
(from 241Am decay) has been reported by Nitsche [3] and Gatti [4]. The technique makes use of relating the Np
L x-ray emission to a characteristic gamma-ray line of 241Am such as 59.5 keV. Equation 1 outlines use of the
technique.

1.0E+06

1.0E+05 •

20

30

40

50

Energy / keV

Figure 3. Example of a spectrum for a 6500 mg / litre Pu solution
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CPu=CLX-Cyk

[1]

In Equation 1, the components are:
C Pu
CLX

is the L x-ray emission associated with the decay of Pu (the U L x-rays),
is the total L x-ray emission (U L x-rays and the Np L x-rays from 241 Am),

CY

is the characteristic gamma-ray emission from the interfering actinide, e.g. 59.5 keV
emission from 241Am.
is a coefficient which relates Cy to CLX when no Pu is present.

k

Here the total L x-ray emission region is the background corrected count rate within the energy range of 12.5
keV to 23.0 keV. The coefficient k must be obtained for a pure 24l Am sample which enables the 59.5 keV
gamma-ray emission to be used as a measure of Np L x-ray emission. The coefficient is given by Equation 2
where CLX and Cy are the count rates from the L x-ray region and the 59.5 keV region, respectively.

^

[2]

A similar procedure can also be used to correct interference from 237Np by using the 29 keV gamma-ray
emission or indeed any other nuclide for which a characteristic gamma-ray emission line can be used for
reference.

3. CALIBRATION MEASUREMENTS AND DATA INTERPRETATION
Measurement of the x-ray and gamma-ray emission from known U, Pu, Am and Np calibration samples has been
conducted in a fumehood in the NUCEF facility using stock solution samples of 2 ml active volume in small
glass vials. The detection system consists of a Series 7300 Canberra SiLi semiconductor detector (model type
no. SL80175) 5 mm thick crystal with an active surface diameter of 80 mm2 and a Be window of 1.0 mm
thickness. The absolute efficiency of the detection system is approximately 0.2% below an energy of 30 keV.
Instrument calibration also requires a correction for self attenuation of x-rays and gamma-rays within the liquid
sample. Since product streams will contain up to 200 grams / litre of uranium it is necessary to determine the
attenuation of the L x-ray emission region as well as other important regions of interest. In order to quantify the
self attenuation, solutions were created with varying concentrations of uranium between 0 and 200 grams / litre
and fixed Pu content of 110 mg / litre. The Pu sample used was the same as described above, i.e. aged by 11
years with significant 241Am grow-in.
By determining the ratio of the 241Am 26.3 keV and 59.5 keV gamma-ray emissions, a measurement of the self
attenuation within the sample can be determined, this procedure is described in further detail in reference 2.
The calibration data, corrected for self attenuation, are shown in Figure 4. The U L x-ray emission data for the
assay of Pu have been corrected for interfering x-ray emission from the decay of 237Np and 241Am (Np L x-rays).
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Figure 4. Calibration results for 241Am, Pu, 237Np and U. The data for 240Pu shows the typical experimental
errors (plotted for 2a) associated with the calibration data.

4. NUCEF SIMULATED FEED SOLUTION MEASUREMENTS
Prior to full active phase commissioning of the reprocessing research facility in NUCEF, a simulated feed
solution was fed through the facility and separated. This feed solution consisted of un-irradiated uranium
combined with stock Pu solution, some non-radioactive fission product simulants as well as a small
concentration of their radioactive tracer counterparts [5,6], Figure 5 shows an energy spectrum of the simulated
feed solution obtained with the Si(Li) detector and the composition of the feed is given in Table 2.

NUCEF Sim-Fuel Feed Solution
1.00E+05

1.00E+00
10

20

30

40

50

60

Energy / keV
Figure 5. X-ray and low energy gamma-ray spectrum of the simulated feed solution to the NUCEF facility.
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Table 2. Composition of the simulant feed solution used in the NUCEF tests.

Concentration

Element / substance

2.9
0.00116
250
2.68
11
137
2.1
960
1.47
340
1.20
870
580
520
1.0
436
570

Nitric Acid
Nitrous Acid
U
Pu
Tc
Np
I
Ru
Zr
Sr
Mo
Ce
Ba
Pd
Cs
La
Others

M
M
g/1
g/1
mg/1
mg/1
mg/1
mg /1
g/1
mg /1
g /1
mg /1
mg /1
mg /1
g/1
mg /1
mg /1

It is important to note that the samples assayed in this work do not contain the intensely radioactive fission
products that will be present during dissolution of actual irradiated spent fuel. Furthermore, the presence of the
fission products will most likely result in the inability to assay the feed solution and highly active waste stream or
indeed any stream prior to primary fission product decontamination.
The results for measurements of each flowstream are shown in Tables 3 to 6 for Np, Am, Pu and U together with
comparisons obtained by previous techniques based on gamma-ray spectroscopy of tracers or chemical titration,
described in further detail in reference 2. The errors quoted are to one standard deviation.
Table 3. Results for measurements of Np concentration.

Product Stream
Feed Solution
Tc Product
Np product
Pu product
U product

Previous 277.6 keV 2J*Np
measurement
mg / litre
137.5 ±18.5
13.9 ±1.9
62.6 ± 8.4
17.8 ±2.4
9.111.2

29.4 keV 237Np
measurement
mg / litre
149.2 ±5.4
16.010.5
68.212.2
14.211.4
-

Table 4. Results for measurements of the Am concentration.

Product Stream
Feed Solution
HAW
Tc Product
Np product
Pu product
U product

Previous
measurement [7]
mg / litre
1.5
0.85 ±0.11
0.0049 ± 0.0024
0.0013 ±0.0008
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59.5 keV 241Am
measurement
mg / litre
1.6310.05
0.69 ± 0.02
0.0014 ± 0.0005
0.004710.0015
0.01110.007
0.0013 10.0005
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Table 5. Results for measurements of the Pu concentration.
L x-ray
measurement
mg / litre
3780 ±756
80.4 ± 3.2
263.4 ± 8.4
653.4 ±20.9
85.0 ±2.7

Product Stream
Feed Solution
Tc Product
Np product
Pu product
U product

Previous 240Pu
45.4 keV measurement
mg / litre
2618 ±497
85.4 ±13.7
274.0 ±19.2
653.0+131
76.0 ±17.5

Table 6. Results for measurements of the Uranium concentration.

Product Stream
Feed Solution
Tc Product
Np product
Pu product
U product

63.3 keV ' J4 Th
measurement
g / litre
242 ± 29
5.6 ±1.9
7.0 ± 2.5
35.7 ±4.2

Titration
measurement
g / litre
250
9.9 ±1.8
8.1 ±1.9
41.1 ±7.5

26.3 keV / 59.5 keV
ratio measurement
g / litre
264 ± 13
5.6 ±0.5
8.5 ±0.5
42 ± 6 %

6. CONCLUSIONS AND DISCUSSION
The results given confirm the suitability of using x-ray and low energy gamma-ray emission to assay the
concentrations of actinides in reprocessing streams. However further work is required to determine the effect of
gamma-ray emissions from reprocessed irradiated fuel which has not yet been measured using the
instrumentation described here.
It is anticipated that the work described here will aid the development of actinide monitoring systems that will be
incorporated in-line within advanced reprocessing facilities. It is unfortunately impossible to back-fit an in-line
monitoring system into the NUCEF reprocessing facility due to the commencement of hot experiments and the
limited space available for shielding around the detectors. However, it is certainly viable to use an
instrumentation system based on the method described above with a flowcell arrangement for continuously
monitoring a product flowstream.
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Introduction
In the large scale reprocessing facility in Japan, the uranium and the plutonium
purification processes were modified from two cycles to one. It is important to understand
the effect of operational parameters such as feed flow rate, concentrations of components
and temperature on the purity of uranium and plutonium products and the
decontamination factors at each separation step in the uranium and the plutonium
purification processes. In the plutonium purification process, the concentrations of nitric
acid and plutonium in the plutonium product are designed 1.6mol/l and 24.0g/l,
respectively, as standard. And it must be guaranteed that significant amount of
plutonium should not be leaked to waste stream. In addition, conditions of each
separation step must not exist in restrict conditions, in which plutonium polymer and
plutonium third phase may form. The restrict conditions are expressed by functions of
concentration of nitric acid and plutonium and temperature.
To understand the effect of flow rate and temperature on the plutonium separation
efficiency and the possibility of formation of plutonium polymer and plutonium third
phase, an analytical study on plutonium purification process was performed using
extraction process simulation code ESSCAR. ESSCAR is able to calculate extraction
behavior of components such as nuclides and nitric acid extraction process consisting of
several contactors of pulse column and mixer settler, under transient and steady state
conditions. In the analysis, feed flow rate, concentrations of components, feed location
and temperature were dealt as variable operational parameters.
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1. Simulation code system ARECS for PUREX modification
A computer code system ARECS(Advanced Reprocessing Evaluation Code System)
is under development for the purposes of (l)evaluation of reprocessing for new type fuels,
(2)simulation of steady and transient behaviors of individual nuclides, and (3)simulation
of new flow sheet (Fig.l). Codes are composed of unit codes; such as dissolution and offgas treatment code(DIGI), evaluation code of ions valency, extraction process simulation
code(ESSCAR), and evaluation code of solvent degradation. The database is designed to
support the simulation codes. Data of fundamental process chemistry and chemical
engineering are under compilation.

OUTPUT
INPUT
Composition of Spent Fuels:
High Burn up UOX
Thermal MOX

Engineering Work Station

Simulation Code of
Continuous Dissolver
&
Offgas Treatment

DIGI

• Evaluation of Reprocessing for
New Type Fuels
• Simulation of Transient Behaviour
of Individual Long-lived Nuclides
• Simulation of New Flow Sheet

Simulation Code of
Extraction Process
Evaluation Code
of Ions Valency

DATA BASE

ESSCAR

Evaluation Code of
Solvent Degradation

OUTPUT

(Fundamental Data, Chemical Data) Is

Basic Technical Data

Fig.l Computer code system ARECS(Advanced Reprocessing Evaluation
Code System) for PUREX modification

2. Simulation code ESSCAR for extraction process
Simulation code ESSCAR for extraction process is able to simulate steady and
transient separation behavior of a given extraction process flow sheet which may be
composed of an arbitrary number of pulsed columns and mixer-settlers. The code is able
to calculate concentration profiles of not only major components, such as UO22+, U4+, Pu4+,
Pu34", H+, HN02, HAN and hydrazine, but also minor components; NpO2^, NpO2+, Np4+,
Tc, Zr. Calculation of the other FP components, too, is possible although limited to the
steady state concentration profiles. Evaluation of the solvent degradation effect of the
concentration profiles is also possible.
Distribution equilibrium equations for each component are included in ESSCAR.
These equations are based on experimental data which were obtained from flow sheet
experiments using spent fuels in NUCEF, and are developed now:).
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3. Analysis of plutonium purification process performed by ESSCAR
Analysis of the plutonium purification process flow sheet (Pig.2) was performed by
ESSCAR. The effect of following operational parameters on the plutonium separation
efficiency in the plutonium stripping step in the process was analyzed.
1. feed flow rate of (l)organic solvent which is fed to the uranium scrub step (OP3),
(2)nitric acid solution which is fed to FP scrub step (AP10-2) and (3)nitric acid
solution which is fed to plutonium scrub step (AP13).
2. temperature of plutonium stripping step
AP10-1

AP11

AP12

AP13

To the solvent regeneration process

From the first extraction cycle
AP14
-•

Flow of acid solution

••> Flow of solvent
To the buffer tank for uranium concentrator

OP3 "

T

To the plutonium concentration process
H*:1.6mol/1, Pu:24.0g/l

Fig.2 Flow sheet of the plutonium purification process

3.1 Effect of feed flow rate
(1)OP3 flow rate
The effect of flow rate of OP3 which is fed to extraction step was analyzed. The
concentration of nitric acid in the plutonium stripping step increases with increasing
of OP3 flow rate which causes a plutonium losses for plutonium extraction (Fig.3. la).
A significant amount of plutonium will be leaked to waste stream when feed flow
rate is more than 1601/h (Fig.3. lb).
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Fig.3.1b Plutonium concentration in the
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increasing OP3 flow rate

Fig.3.1a Profile of plutonium concentration in
organic phase in the uranium scrub step and
the plutonium strip step with increasing OP3
flow rate

(2)AP10-2flowrate
The effect of flow rate of AP10-2
which is fed to FP scrubber on the
process was analyzed. The concentration
of nitric acid in the plutonium stripping
step increases with increasing of AP10-2
flow rate which causes a plutonium
losses for plutonium extraction. But that
increasing is little so significant amount
of plutonium will not be leaked to waste
stream (Fig.3.2).
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O at product stream
- A - at waste stream

i
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(3)AP13 flow rate
The effect of flow rate of AP13 which
is fed to plutonium scrubber on the
process was analyzed. The concentration
of nitric acid in the plutonium stripping
step increases with decreasing of AP13
flow rate which causes a plutonium
losses for plutonium extraction. And
significant amount of plutonium will be
leaked to waste stream when feed flow
rate is less than 401/h (Fig.3.3).
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3.2 Temperature of plutonium stripping
step
I ———$ \ e— —e- e- li
The effect of temperature of
520
10' I
i
\
plutonium stripping step was analyzed.
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\
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The concentration of plutonium in
*v
7
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i
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with
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i
- © - ai product slream
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Temperature of plutonium stripping step fC)
acid which is obtained from the equation
Rg.3.4 Plutonium concentration in the
product stream and the waste stream with
(1) included in ESSCAR increases
increasing temperature of plutonium
with decreasing temperature. And
stripping step
significant amount of plutonium will be
leakedtowaste stream when temperature is less than 35°C (Fig.3.4).
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273+t 298
Free TBP concentration
XNO'3
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F

TBP volume ratio

X

Temperature

4. Restrict conditions at plutonium purification process
The formation of plutonium polymer and plutonium third phase was noted as
restrict conditions in plutonium purification process.
4.1 Plutonium polymer
(1) Boundary line of formation of plutonium polymer
The boundary line of formation of plutonium polymer was drawn as functions of
concentrations of nitric acid, plutonium and temperatures a*(Fig.4.1a). Left side of
the line is formation area of plutonium polymer and right side is non-formation area.
It is said that the formation area spread with increasing of temperature, decreasing
of nitric acid concentration and increasing of plutonium concentration.
(2) Examination of calculation result
The relationship between the boundary line and conditions of nitric acid and
plutonium in contactors which was calculated using ESSCAR is shown in Fig.4.1b.
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The line of nitric acid — plutonium concentrations in contactors are shifted with
changing previous operational parameters, but its range is very narrow. So that
plutonium polymer will not be formed at every contactors in plutonium purification
process.
Formation area of
plutonium polymer

- O - 3tfC(V.L.Sdiuloiil)
• D • 70W,I_Sdiuloin)
-•$- 90r(V.LSdiulcini
T - 80'CfA.BniiisUd)
- * - JOO^BninsUd)

-A-V-•••-

5tfC(V.LSckiiloin;
SOW-USekulein;
10tfC(V.LSdiulein)
9ffC(A.Bnmsl«d)

.LScliulBin)
a - 70t:{V.LSdiiiloin)
• 7 - 80t:(V.LSdiulein)
ALSduikir.)
CCV.LSchulcin)

0

•D-UKi»b(ESSCAR)
-^"-PuariiKESSCAR)

aj f
* Non-formation area of plutonium polymer

0
0.2
0.4
0.6
0.8
1
1.2
Nitric acid concentration of aqueous phase (mol/1)

Fig. 41a The boundary line of formation of
plutonium polymer

0

1

2

3

4

5

Nitric acid concentration of aqueous phase (mol/1)
FigAlb The relationship between the
boundary line of formation of plutonium
polymer and conditions of nitric acid and
plutonium in contactors which was
calculated using ESSCAR

4.2 Plutonium third phase
(1) Boundary line of formation of plutonium third phase
The boundary line of formation of plutonium third phase was drawn as
functions of concentrations of nitric acid and plutonium and temperatures
Z5>
(FigA.2a). Upper side of the line is formation area of plutonium third phase and
lower side is non-formation area. It is said that the formation area spread with
decreasing of temperature, decreasing nitric acid concentration and increasing of
plutonium concentration.
(2) Examination of calculation result
The relationship between the boundary line and conditions of nitric acid
plutonium in contactors which was calculated using ESSCAR is shown in Fig.4.2b.
The line of nitric acid - plutonium concentration in contactors are shifted with
changing of operational parameters, but its range is very narrow. So that plutonium
third phase will not be formed at every contactors in plutonium purification process.
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calculated using ESSCAR

5. Conclusion
The effect of operational parameters on the plutonium product stream, the
waste stream and conditions of each separation step in plutonium purification process
was shown in the analysis performed by ESSCAR. And boundary values of each
operational parameters which satisfied designed product conditions of the plutonium
purification process were obtained.
Relationship between boundary line of restrict conditions of plutonium polymer
and plutonium third phase based on experimental data and solution conditions which
were calculated by ESSCAR in plutonium purification process was shown. It was found
that plutonium polymer and plutonium third phase would not be formed at every
contactors in plutonium purification process.
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PROCESSING SIMULATED HIGH-LEVEL LIQUID WASTE BY HEAT
TREATMENT WITH ADDITION OF TiN AND A1N OR A12O3
M.UNO, H.KINOSHITA, E.SAKAI, A.IKEDA, Y.MATSUMOTO AND
S.YAMANAKA
Department of Nuclear Engineering, Graduate School of Engineering, Osaka University
Yamadaoka 2-1 Osaka 565 JAPAN
Abstract
The present study aims to decrease the melting temperature of the oxide phase by the
addition of the mixture of TiN and A1N or AI2O3 for reduction of the treatment
temperature of super high temperature method. The addition of the mixture of TiN and
A1N or A12O3 with the atomic ratio of Al to Ti of 1:9 caused the melting of both the alloy
phase and oxide phase at 1673K. The measured values of density and hardness for thus
obtained oxide phase were same as those for the oxide phase obtained at 1873K without
Al. Thus, above mentioned method is achieved at 1673K without degradation of the
properties of the oxide phase as an waste.

1. Introduction
Although solidification of high level liquid waste (HLLW) has developed to the stage
that commercial vitrification plants generate vitrified high-active waste basic studies in
separation and/or transmutation with various processing schemes are prompted. We
have been studied on super high temperature method by which HLLW is dry-treated in
a simple process[l,2,3,4].
In this method as shown in Fig. 1, HLLW is first calcined at 973 K to vaporize water
and nitric acid. And further heating with a small amount of a reducing agent, TiN at
1873 K results in, after separation of volatile species, Cs and Rb by vaporization,
elements with higher standard free energy of oxide formation (platinum metals and
other transition metals) than the reducing agent are reduced, melt and form the alloy
phase which separates from the oxide phase of melted complex oxides of alkaline earth
elements, rare earth elements, Zr, actinides and the metal element of the reducing agent.
Vaporization of all Cs from HLLW and melting and separation of both the oxide and
alloy phases have been verified by the treatment of simulated calcined HLLW which
contains 27 fission product(FP) elements, and corrosion products (CP;Fe, Cr and Ni).
Previous studies have elucidated that the alloy phase melts up to 1673K by alloying the
refractory platinum metals or Mo with corrosion products (Fe,Cr,Ni)[5], while the oxide
phase melts just below 1873K by the formation of complex oxides of fission products and
the metal element of the reducing agent, Ti[4].
This high treatment temperature, 1873K, however may cause difficulty in actual
treatment of nuclear waste, especially in selection of crucible materials. The present
study aims to decrease the melting temperature of the oxide phase by the addition of the
-
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mixture of TiN and AIN or A12O3 for reduction of the treatment temperature of this
method.
2. Experimental
The composition of simulated calcined HLLW is shown in Table 1. This composition
is calculated based on that of the spent fuel of 45 GWd/t after 5 years of cooling time.
The simulated calcined HLLW is synthesized with elements contained beyond amount of
lg/Mg-U in spent fuel and contains Re and Ce instead of Tc and Pr, respectively,
contains Fe, Cr and Ni as CP but contains no actinides.
In the previous study, the amount of the reducing agent was determined such that
TiN reduce all platinum metal oxides, other transition metal oxides and CP oxides,
which would come to the metallic phase. The ratio of the reducing agent to the simulated
calcined HLLW was 0.28:1 in weight and the ratio of FP metal elements which may
come to the oxide phase to Ti is 4:6 in atomic. In the present study, a small amount of
TiN was substituted by AIN. A12O3 was also used instead of AIN since previous study[6]
showed that some platinum metal oxides were reduced by thermally without the
reducing agent. The composition of the starting mixture is shown in table 2. TiN and the
simulated calcined HLLW powder are only mixed in a agate mortar.
High temperature treatment was performed in a Nagano-Keiki carbon heater
furnace. A powder sample in a ZrO2 crucible was heated to 1273 K in 1 hour,
maintained at the temperature for 1 hour and then heated to 1873 K or 1673K in 1
hour. After keeping at the temperature for 1 hour then the sample was furnace cooled.
The treatment was done in flowing argon.
Phases of the reaction products were identified by X-ray diffraction. The X-ray
diffraction was performed with Cu-K a radiation on a Rigaku rad r-A diffractometer
equipped with a curved graphite monochromater. The distribution of elements in the
reaction products was studied by Electron probe micro analysis (EPMA) using Topkon
MINI-SEM 100 and Horiba EMAX-8000 units.
Density was measured by the method of Archimedes using Wardon Pycnometer
supplied by Shibata scientific tec. ltd. The Vickers hardness measurement was carried
out using MHT-1 micro Vickers hardness tester supplied by Matsuzawa seiki co. ltd.
3. Results and discussion
Table 2 shows the results of melting of the products. Sample No.l, which was
produced in the previous method, at 1873K without A12O3 could not melt and separate
up to 1873 K. Sample No.2, where 5mol% TiN was substituted by A12O3 could not melt
and separate at 1673K. However, by further substitution on TiN by A12O3, samples Nos.
3 and 4 melted and separated to alloy and oxide phases at 1673 K.
Figure 2 shows the appearance of the products (sample No.3). The central region of
the sample, presenting the metalic cluster, is the alloy phase which is surrounded by the
dark oxide phase. The image shows that both phases melt at the treatment temperature.
Thus, the decrease in treatment temperature by 200 K was succeeded.
-
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Sample No.4 doping two times as much A12O3 as sample No.3 melted and separated at
1673K. Since several small spheres of metal phase existed in the oxide phase the extent of
melting and separation of sample No.4 was considered to be not enough. Therefore, the
composition of A12O3 in sample No.3(Ti:Al=9:l) was regarded as the best composition.
Addition of A1N instead of A12O3 made no difference in results.
The X-ray diffraction pattern for the oxide phase of sample No.3 is shown in Fig. 3.
This pattern with the aid of SEM and EPMA results enable to divide the formed phases
into the following several types:
(1) the (RE)2Ti3O9 phase,
(2) the hexagonal BaTiO3 phase, which may contain other alkaline earth elements in the
Ba site,
(3) the tetragonal Sro.5(RE)Ti20<i phase, which may contain other alkaline earth in the Sr
site and rare earth elements in the (RE) site.
(4) the orthorhombic ZrTiO4 phase, which may contain some rare earth elements,
(5) the tetragonal BaTisO16 phase,
(6) the monoclinic (RE)2TiO7 phase,
(7) the cubic ZrO2 phase.
It is found, thus that almost all alkaline earth and rare earth FPs form the complex
oxides of Ti. These results agree with that of previous results without alumina[7] and no
Al containing compound was observed. Thus, it is considered that each phase mentioned
above melts up to 1673K by doping alumina.
According to phase diagrams [8,9], some compounds in alkaline earth elements-Ti-O
systems can melt around 1673K. The doping A12O3 made large influence on the melting
temperatures of RE^TbOs, Sr».sRETi2O6, ZrTiO4, REzThO? and ZrO2. The existence of
ZrO2 may result from that a compound does not condense congruently. In Nd-Ti-O
system[10], mixture of Nd2O3 and TiO2, the ratio of Nd:Ti of which equals 2:9, can melt
up to 1673K. However, in this case the cooled material must contain Nd2TiO4 and TiO2.
The effect of alumina doping to melting temperature of RE2Ti3O9 phase is presented
elsewhere.
Table 3 shows the values of measured density and hardness. It seen that the density
of sample No.3 is nearly the same as that of sample No.l. However, it was proved that
the hardness for sample No.3 which nearly equals to that of ceramic waste or Synroc was
quite higher than that of sample No.l which nearly equals to that of glass waste[ll].
Surface observation by SEM showed that there were many pores(up to 30 n m) in both
samples but did not clarified the difference in the morphlogy of the both samples. Thus,
it is considered that each phase mentioned above may harden by doping A12O3.
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The chemical stability of a sample produced in the previous study has already
reported [3]. The reachiabilty of the sample without A12O3 was smaller than that of glass
waste form and compatible to that of ceramic wastes. 7 days Soxhlet leach test[12] of the
present sample with A12O3 made results that concentration of any elements in the
leachate was below the detection limit of Inductively Coupled Plasma Spectory(ICP-ES)
method. A long days test and analysis by ICP-Mass Spectrometry are now in progress.
4.Conclusion
The present study aims to decrease the melting temperature of the oxide phase by the
addition of the mixture of TiN and A1N or A12O3 for reduction of the treatment
temperature of the super high temperature method. The addition of the mixture of TiN
and A1N or AI2O3 with the atomic ratio of Al to Ti of 1:9 caused the melting of both the
alloy phase and oxide phase at 1673K. The measured values of density and hardness for
thus obtained oxide phase were same as those for the oxide phase obtained at 1873K
without Al. Thus, the super high temperature method was achieved at 1673K without
degradation of the property of the waste by doping A12O3.
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Table 1 Composition of the simulated calcined HLLW

ELEMENT

CONTENT
(at%)

OXIDE

CONTENT
(mol%)

Mo

9.263

Mo02

12.182

Ru

5.373

RuO 2

7.067

Pd

3.359

PdO

4.418

Re

1.999

ReO 2

2.629

Te

0.986

TeO 2

1.297

Rh

1.075

Rh 2 O 3

0.707

Cd

0.254

CdO

0.334

Se

0.191
0.167

SeO 2

0.251

A&O

0.110

0.189

SnO 2

0.248

Sb

0.040

Sb 2 O 3

0.026

In

0.005

In 2 O 3

0.003

Fe
Cr

25.827

FezOj

16.984

6.751

CrO

8.879

Ni

2.658

NiO

3.496

Cs

4.567

Cs 2 O

3.003

Rb

1.122

RthO

0.738

Ba

3.447

BaO

4.533

Sr

2.391

SrO

3.144

Ce

4.498

CeO 2

5.916

Nd

7.471

Nd 2 O 3

4.913

La

2.334

La 2 O 3

1.535

Pr

2.108

Pr 2 O 3

1.386

Y
Sm

1.399

Y2O3

0.920

1.352

Sm 2 O 3

0.889

Eu

0.233

Eu 2 O 3

0.153

Gd

0.225

Gd 2 O 3

0.148

Tb

0.005

Dy
Zr

0.002

Dy 2 O 3

0.001

10.711

ZrO 2

14.087

Ag
Sn

0.003
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Table 2 Composition of the starting mixture and results of the products
Sample No.

HLLW:Additive*

1
2
3
4

4:6
4:6
4:6
4:6

Additive
(Ti:Al)
9.5:0.5
9:1
8:2

Treatment
temperature(K)
1873
1673
1673
1673

Result**

o
X

o
o

* The ratio of FP metal elements coming to the oxide phase to metal elements of the
additives.
**O:Samples melted and separated.
X: Sample did not melt and separated.

Table 3 Density and hardness of the products
Sample No

Density (g/cm3)

Hardness(GPa)

1

5.10

6.54

3

4.91

8.75
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abstract
Melting of the mixture of Nd2O3, CeO2, SrO, TiO2 and A12O3 at 1673K for 1 hour
produced one RE2T13O9 phase compound. Differential Scanning Calorimetry(DSC)
measurement showed that the melting temperature of this compound was 1646K.
Density of the alumina doped oxide was higher than that of the oxide obtained by the
pressing and sintering without alumina. Vickers hardness of the oxide obtained by the
pressing and sintering was 5.3GPa and nearly same as that of glass waste. That of the
alumina doped oxide was around 7 GPa. 7 days Soxhlet leach test(MCC-5) followed by
Inductively Coupled Plasma Spectrometry(ICP) showed that normalized leaching rate of
Ti for the oxide obtained by the pressing and sintering was 5.54x103 kg/m2 and that for
the alumina doped oxide was 2.24x103 kg/m2. The value of Sr for the pressed and
sintered sample was 0.034x10 3kg/m2 but that for alumina doped sample was below the
detection limit (0.01x10 3kg/m2). Al was not detected from the leachate of the alumina
doped sample.

1. Introduction
Processes for producing of ceramic waste forms usually involve several treatments
such as pulverization and mixing of starting materials, pressing with high pressure and
sintering at high temperature. If ceramic waste is produced by melting, the process
becomes simple, and ceramic waste forms can be produced more continuously as glass
waste forms. However, the melting temperatures of ceramic waste forms, especially, the
complex oxides of rare earth element (RE) or transuranium element(TRU) and Zr, Al or
Ti as a host material are usually much higher than the melting temperature of glass
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waste forms. We found that some RE-Ti complex oxides with RE2Ti3O9 phase melt up to
1673K by doping alumina. In the present study, the phase stability of alumina doped
RE-Ti-0 systems and the variation of melting temperature of the complex oxides with
composition were studied. Properties of the oxides as a waste forms were measured.

2. Experimental
The starting materials were commercially supplied AI2O3, ZrO2, CeO2, Nd2C>3, SrO,
TiN (from Nacalai Tesque) and TiO2 (from Kanto Kagaku), all in powder form and of
purity exceeding 99.9%. The starting mixtures were prepared by mixing in an agate
mortar.
The staring mixture without alumina was further ball milled by Fritsch planetary
micro mill pulverizer 7 for 5 hours and pressed in to a pellet at 60MPa. The pellet
sample was put in an alumina boat inserting a molybdenum sheet between them. The
boat was instead in an alumina reaction tube and then heated by a SiC heater electric
furnace. The starting mixture with alumina was put in a ZrO2 crucible and heated by a
Nagano-Keiki carbon heater furnace. The temperature of samples was raised to 1673 K
in 5 hours, maintained at the temperature for a desired period and then cooled to room
temperature in 5 hours in the both furnaces. The treatments were done in flowing argon.
Phases of the reaction products were identified by X-ray diffraction. The X-ray
diffraction was performed with Cu-K a radiation on a Rigaku rad r-A diffractometer
equipped with a curved graphite monochromater. The distribution of elements in the
reaction products was studied by Electron probe micro analysis (EPMA) using Topkon
MINI-SEM 100 and Horiba EMAX-8000 units.
The melting temperature induced on a lOmg sample by heating at a rate 25K/min in
flowing argon was monitored by differential scanning calorimetry(DSC), using MAC
Science DSC-3000 system.
Samples were cut using a diamond impregnated saw and polished with emery papers
and a diamond paste had a geometric surface area of 540-600 mm2. Chemical durability
was estimated by the Soxhlet leach test(MCC-5) method[l] followed by the analysis of
the leachate by Inductively Coupled Plasma Spectrometry( ICP-ES) method by Shimazu
-
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ICP - 7500. The leaching test was performed in distilled water at 337 K for 7 days, in
accordance with the procedure of MCC-5. After 7 days, the sample and the leachate
were separated. The sample was washed with deionized water and was dried to constant
mass in a 383 K oven and weighed.
Density(d) was measured by the method of Archimedes using Wardon Pycnometer
supplied by Shibata scientific tec. ltd. The Vickers hardness measurement was carried
out using MHT-1 micro Vickers hardness tester supplied by Matsuzawa seiki co. ltd.

3. Results and discussion
ZrO2 as well as TiO2 has been well studied as an host material for solidification of
rear earth elements and transuranium elements. Although there are some similarities
between chemical behavior of Zr and Ti, the morphology of complex oxides of RE-Ti-O
systems are different from that of RE-Zr-O systems. The candidate compounds as waste
forms of ZrO2 and Nd, Ce, La oxides, which have high fission yields and sometimes are
used instead of TRU oxides, are pyrochlore Nd2Zr2O7, Ct^Lr2O7 and La2Zr2O7. TiO2
forms pyrochlore type oxides with Gd, Sm, Dy oxides but does not form pyrochlore
complex oxides with Nd, Ce, La oxides. In order to clarify the phase stability of RE-Ti-O
systems, some experiments were carried out.
The composition of the sample and identification of the product are summarized in
table 1 and 2, respectively. In runs Nos. 1-3, Nd2O3 and TiO2 were mixed in the way that
Nd/Ti equals 2/3. Monoclinic Nd2Ti2O7 was produced but the major phase was Nd2Ti3O9
(denoted as RE1T13O9 )even after 80 hours of reaction periods. In runs Nos. 4-6, CeO2
were additionally mixed in the starting mixtures in the way that (Nd+Ce)/Ti equals 2/3.
4%-H2 gas was used in run NO.S and the desired amount of TiO2 was substituted by
TiN in run N0.6 in order to reduce CeO2 to Ce2O3. RE2T13O9 was also the major phase.
Since RE^TisOg phase is easily produced in RE-Ti-O systems, the pure RE2Ti3O9 phase
was tried to produced. In runs Nos.7-9 the starting samples were mixed in the way that
(RE+(AE))/Ti equals 2:3.
The existence of REsTijOs phase has not been reported in phase diagram [2] and the
crystal structure has not been clarified in detailed. But Lenouv et al. [3] reported the
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existence of this type compounds in La-Ti-O and Nd-Ti-O systems as an secondary
phase and they suggested that the crystal structure was peroveskite. Richard et al.[4]
also reported that Nd2Ti3O9 was produced as an intermediate phase by the dehydration
of layered perovskite Na2Nd2Ti3Oio and that the structure of the compound was 14/mmm
with a=3.8334 and c=24.363A. However they also suggested that the real symmetry was
less than 14/mmm. The X-ray diffraction pattern for the RE2T13O9 phase obtained in the
present study(run No.9) is shown in Fig.l. As shown in this figure, it is found that the
pure RE2T13O9 which could be indexed as an peroveskite with a= 3.89A was obtained.
The study on the detailed crystal structure of this compounds is in progress.
During the course of the producing pure material, a RE2Ti3O9 sample was heated in
alumina boat without molybdenum sheet accidentally and the reaction product was
spread out in the alumina boat suggesting that the sample melted at 1673K. In order to
clarify the effect of the alumina addition to the melting temperature of the RE2T13O9
phase some RE2T13O9 phases with several alumna contents were produced and melting
temperature was measured.
The composition of the starting material are shown in table l(runs Nos.10-12) and
the results of the identification and DSC measurements are shown in table 2. The X-ray
diffraction patterns are shown in Fig.2 The RE2T13O9 phase with 5wt% of alumina did
not melt up to 1673K but the further addition of alumina caused the melting
temperature below 1673K. And the melting temperature decreased with increase
alumina content from the DSC measurements of the products runs NO. 11 and 12. This
further addition cause the production of Al2Ti7Ois phase as a tracer as shown in Fig.2.
As the content of the Al2Ti7OiS in the products was considered to increase with
alumina content of the starting mixture, judging from the X-ray diffraction patterns, the
properties as an waste form of RE2Ti3O9 with 10wt% alumina(run No.ll) as well as pure
RE2T13O9 phase without alumina obtained by the pressing and sintering(run No.9) were
measured.
Density, hardness and reachability are summarized in table 3. The relative density
calculated from the composition, lattice constant and measured density of sintered
RE2Ti3O9 phase was 60.1% and that of melted RE2T13O9 phase was 90.7%. Since the
phase and the composition of the both samples are nearly the same the increase in
-
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density may be caused from the decrease in number or size of pore in the melted sample.
However, the SEM observation of the polished samples did not elucidate the difference
in the morphology of the surface.

The observation of the fracture surface may be

necessary.
Vickers hardness of sintered sample and melted sample were 5.3GPa and 6.9 GPa.
The hardness of the sintered sample was in the same order as that of glass wastes [5] and
relatively smaller than that of ceramic wastes. But the hardness of the melted sample
was compatible to that of Synoc or the ceramic waste[5]. It was not clear whether this
increase in hardness was caused by the morphological change or the intrinsic properties
of the Al doped compounds.
The normalized reaching rates of Ti for the sintered sample was 5.54x103 kg/m2 and
that for the melted sample was 2.24x103 kg/m2. The value of Sr for the sintered sample
was 0.034x1 O^kg/m2 but that for melted sample was below the detection limit
(0.01x10 3kg/m2). Al was not detected from the reachate solution of the melted sample.
The value for Sr of the sintered sample was one order smaller than that of glass waste[5],
but the all reachability values except that of Al were slightly higher than those of
ceramic wastes or Synroc[5]. The results may be caused by using geometric surface of
melted samples containing several pores in Soxhlet leach test in the present study. The
difference in leachiability may be considered to result from the difference in the
chemical properties of the both compounds. SEM observation of the both samples after
the reaching test showed that the surface of the sintered sample degraded more than
that of the melted sample.
The properties of the sintered RE2Ti3O9 phase were confirmed. And it was also found
that melted RE2Ti3O9, which could easily produced by melting at 1673K, had superior
properties as an waste than that of sintered RE2Ti3O9.

4.Conclusions
Melting of the mixture of Nd2O3, CeO2, SrO, TiO2 and A12O3 at 1673K for 1 hour
produced one RE2Ti3O9 phase compound. The melting temperature of this compound
was 1646K. Density of the alumina doped oxide was higher than that of the oxide
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obtained by the pressing and sintering without alumina. Vickers hardness of the oxide
obtained by the pressing and sintering was 5.3GPa and that of the alumina doped oxide
was around 7 GPa. Normalized leaching rates of Ti for the oxide obtained by the
pressing and sintering was 5.54x103 kg/m2 and that for the alumina doped oxide was
2.24x103 kg/m2. The value of Sr for the pressed and sintered sample was 0.034x1 O^kg/m2
but that for alumina doped sample was below the detection limit (O.OlxlO^kg/m2). Al
was not detected from the leachate of the alumina doped sample.
The properties of the sintered RE2Ti3O9 phase were confirmed. And it was also found
that melted RE2Ti3O9, which could easily produced by melting at 1673K, had superior
properties as an waste than that of sintered RE2Ti3O9.
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Table 1
Run
No.

99-004

Composition of the samples

Reaction system

Composition(mol%)

Time, atmosphere

CeO 2 Nd 2 O 3 SrO TiO 2 TiN A12O3
33
67

1

Nd-Ti
5h ,Ar-flow

2

Nd-Ti
40h ,Ar-flow

-

33

-

67

-

-

3

Nd-Ti
80h ,Ar-flow

-

33

-

67

-

-

4

Ce-Nd-Ti +TiN
5h ,Ar-flow

27

13

-

53

7

-

5

Ce-Nd-Ti
5h , 4 % H 2 +Ar

27

13

-

60

-

-

6

Ce-Nd-Ti
5h ,Ar-flow

27

13

-

60

-

-

7

Ce-Nd-Ti +TiN
5h ^Vr-flow

22

11

-

61

6

-

8

Ce-Nd-Sr-Ti +TiN
5h ,Ar-flow

14

7

14

61

4

-

9

Ce-Nd-Sr-Ti
5h ,Ar-flow

16

8

16

60

-

-

10

Ce-Nd-Sr-Ti +A12O3 5wt%
3h ,Ar-flow

15

8

15

56

-

6

11

Ce-Nd-Sr-Ti +A1 2 O 3 10wt%
3h ,Ar-flow

14

7

15

53

-

11

12

Ce-Nd-Sr-Ti +Al 2 O 3 20wt%
3h ^r-flow

12

6

12

46

-

23

562 -

JAERI-Conf

Table 2
Run
No

99-004

Identificatin of the products

Reaction system

Major
phase

Minor phases

Time, atmosphere
1

Melting
temp
(K)

Nd-Ti
5h ,Ar-flow
Nd-Ti
40h ,Ar-flow

REjTbOs

Nd 2 Ti 2 O 7 Nd 2 TiO 5 ,Nd 2 O 3

X

REjTiaOi,

Nd2Ti2O7,Nd2TiOs,Nd2O3

X

3

Nd-Ti
80h ,Ar-flow

RE2Ti3O9

Nd 2 Ti 2 O 7 ,Nd 2 TiO s ,Nd 2 O 3

X

4

Ce-Nd-Ti +TiN
5h ^r-flow

RI^TiaC^ Nd 2 Ti 2 0 7 ,Ceo 75Ndo 2 S O, 87s

X

5

Ce-Nd-Ti
5h ,4% H2+Ar

REjTUOs

Nd 2 Ti 2 0 7 ,Ceo 7s Nd 0 ^Oi 87S

X

6

Ce-Nd-Ti
5h ,Ar-flow
Ce-Nd-Ti +TiN
5h ,Ar-flow

RI^TisOs

Nd 2 Ti 2 O 7 ,Ce« 7SNdoJ S Oi 875

X

RE 2 Ti 3 O 9

X

8

Ce-Nd-Sr-Ti +TiN
5h ,Ar-flow

REzTisOp

X

9

Ce-Nd-Sr-Ti
5h ,Ar-flow

REzTbOs

X

10

Ce-Nd-Sr-Ti +A12O3 5wt%
3h ,Ar-flow

Al doped
RE 2 Ti 3 O 9

X

11

Ce-Nd-Sr-Ti +A12O310wt% Al doped
3h ,Ar-flow
RE^TiaOp
Ce-Nd-Sr-Ti +Al2O320wt% Al doped
3h ,Ar-flow
REiTiaOp

2

7

12

x : Products were not melted
O : Products were melted
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o
(1646)

Al2Ti7Ois

O
(1613)

Table 3

Properties of the RE2Ti3O9 samples as an waste

Leachability(kg/m 2 x 10 3 )

Density
(g/cm3)

Relative
density (%)

Hardness
(kg/mm 2 )

Sr

Ti

REjTijO, without A12O3

3.24

60.1

523

0.03

5.54

REzTijOs with A12O3

4.89

90.7

690

<0.01

2.24

Sample

Al

<0.01
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I
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2

o
o

VO
O

o
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O

RE2Ti,O9

O

o

o

o

o

A
30

40

50

L
(26)

Fig. 1 X-ray diffraction pattern for the product(run No.9)
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o
O

RE 2 Ti 3 0 9

(a)

o

A
30

(26)

50

40

O
O

RE 2 Ti 3 0 9

•

AIJi 7 O 15

(b)

o

O

L

O

30

40

(26)

50

(C)

O

RE 2 Ti 3 0 9

•

AI 2 Ti r 0 15

O

o

o
30

40

50

A_
(26)

Fig.2 X-ray diffractin patterns for RE2Ti3O9 phase with (a)
5wt% AI2O3, (b)10wt% AI2O3 and (c)20wt% AI2O3.
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Long Term Stability of Yttria-Stabilized Zirconia Waste Forms
- Stability for Secular Change of Partitioned TRU Waste Composition by Disintegration K.Kuramoto, E.Sakai*, M.Uno*, T.Banba, H.Kinoshita*, S.Yamanaka* and H.Mitamura
Engineered Barrier Laboratory, Development of Environmental Safety Research, Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki 319-1195 Japan
*Department of Nuclear Engineering, Graduate School of Engineering, Osaka University, Yamada-oka 2-1, Suita, Osaka
565-0871 Japan

1. Introduction
The purpose of this study is R & D on yttria-stabilized zirconia (YSZ) as waste forms used in
the Partitioning - Conditioning, which is ceramic solidification and disposal of partitioned TRU
wastes. This TRU waste will arise from the 4-group partitioning(1) of high level radioactive wastes.
And exceptional radioisotope-institute wastes mainly composed of TRU nuclides must be treated in
the same manner as the partitioned TRU wastes.
Isolation of these hazardous TRU wastes from the
biosphere is one of the most important concepts for the management of radioactive waste.
It is
necessary for the partitioned TRU wastes to be immobilized stable ceramic forms chemically and
physically, because the partitioned TRU wastes almost compose of TRU nuclides which are hazardous
a-emitters with extremely long half-lives.
On the viewpoint of R & D on ceramic waste forms for the partitioned TRU waste, properties
of ceramic waste forms must be evaluated.
It is important for as-fired ceramic waste forms to
research and evaluate phase stability, chemical durability, mechanical property, thermal property etc
as initial properties of waste forms.
In addition long-term stability, e.g. stability for irradiation
damage, stability for secular change of waste composition by disintegration etc, is also requested to
ceramic waste forms.
In the previous studies yttria-stabilized zirconia, alumina compounds and
YSZ-alumina composite ceramics were nominated as waste forms for immobilization of the
partitioned TRU waste, and characterized with emphasis on phase stability, chemical durability and
compactness(2).
From the results YSZ with a fluorite-type structure of cubic system was selected as
a waste form for the partitioned TRU wastes(3) and was expected to show good properties.
In the
last 2 years Np and/or Am-doped YSZ waste forms have been studied in JAREI.
Phase stability
and mechanical property of Np-doped YSZ waste forms (Np-YSZ) will be introduced in this

Spent Fuel
1000kg

Partitioning Process
» High Level Waste

Reprocess ng

Other groups

TRU group
~12600g

Ln
(

| -116408)

] Am-Crn -Ln |

| Np-Pu-U [

Am-Cm

Np-Pu

~407g, ~-21g

~0.25g

V
~27 S

Fig. 1 Flow of TRU nuclides from spent fuel to the products in a partitioning process.
The amounts of each production per 1000 kg of spent fuel are also indicated in this figure.
All values are normalized to their oxide weights.
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symposium(4).
In addition, chemical durability of Np-YSZ is under evaluation. Stability for
irradiation damage of 244Cm-doped YSZ waste forms, the most important term in long term stability,
is now under consideration.
In this study the stability of YSZ waste forms for secular change of partitioned TRU waste
composition by disintegration, one of important terms in long-term stability, is the special concern.
It must be investigated and evaluated that the fluorite-type structure can be formed in YSZ waste
forms with Pb and Bi, final daughters of TRU nuclides, because Zr oxide can't form solid solution in
the wide range with these elements<5). In addition quantitative understanding of effect of secular
changes on the other properties, such as chemical durability, mechanical property and so on, is
necessary for long-term safety assessment of final disposal.
In this study designed amount of wastes and YSZ powder were mixed and sintered.
These
waste forms were submitted to tests of phase stability, chemical durability, mechanical property and
compactness.
The results were compared with those of the "initial" YSZ waste forms, nonradioactive Ce and/or Nd doped YSZ samples and glass and Synroc waste forms.

2. Secular change of the partitioned TRU waste
Figure 1 shows a flow of TRU nuclides arising from reprocessing + partitioning process.
Large amounts of Pu and U will be removed form high level liquid waste in a reprocessing process(6),
and the waste will be partitioned to 4 groups; "TRU" group, "Sr-Cs" group, "Tc-platinum group
metals" group and "the other" group. The TRU group will be separated to different 2 fraction; one
is Np-Pu fraction contaminated by small amount of U and the other is Am-Cm fraction including
lanthanide elements. And then U and lanthanide elements are removed from Np-Pu and Am-Cm
fractions, respectively.
In this case about 900 g of oxides of Np-Pu and Am-Cm fractions takes
place from 1000 kg of spent fuel.
There are 4 regions in the partitioned TRU waste composition from Np-Pu and Am-Cm
fractions by secular change as shown in Fig. 1. Where these compositions were calculated with
reference to ORIGEN2 code(7), half lives and disintegration mechanism of the data base(8).
In
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o
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.1 80
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o
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t
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y

v-wm

-a 20
.2

I

Y
10 3

10 7

10 5

Secular change (years)
"Np+U"

"Np+Am "-

"Bi+Pb"
"Np+U+Bi"

Fig. 2 Secular change of partitioned TRU waste composition
("Np-Pu" + "Am-Cm11 fraction) by disintegration.
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general, the "4N+1" series of TRU nuclides including 241Am, ^ N p etc disintegrate and turn to
nonradioactive 207Bi, and the nuclides of other series turn to nonradioactive Pb. The first region is
that only Np and Am are included in the waste illustrated by the mark "Np+Am" in Fig. 2 (0 - 104
years). The initial composition of the partitioned TRU waste is indicated as "0 year" of secular
change, where contents of Np and Am are 53.4 mol% and 43.8 mol%, respectively.
Content of Am
decreases and that of Np increases by disintegration in this region.
The second is the region mainly
4
composed of Np and U as shown by the mark "Np+U" in Fig. 2 (10 -105 years).
In this region full
243
242m
244
M7
235
amount of Am,
Am, Cm and small amount of Np disintegrate and turn to U, ^ U , ^ U and
233
U, respectively, therefore the amount of total U increases. The third is of Np, U and Bi (the mark
"Np+U+Bi", ltf-lO 7 years). Almost of ^ N p disintegrates and turns to 207Bi, and the amount of U
with longer half lives than ^"Np decreases little by little. And the fourth is of almost nonradioactive
207
Bi and Pb (the mark "Bi+Pb", over 107 years). In this study YSZ waste forms including wastes
with various compositions corresponding to the "Np+Am", "Np+U" and "Np+U+Bi" regions were
researched.

3. Experimental procedure
Compositions of YSZ waste forms examined in this study are listed in Table 1. Contents of
the partitioned TRU wastes included in YSZ waste forms are limited to 10 mol% to avoid extreme
external exposure.
Cerium and a part of Am were used as substitutes of Cm and U, respectively.
Commercial powder of YSZ (TZ-8Y; Tosoh Co.Ltd) and the designed amount of waste components
were mixed, calcined at 900 °C for 2 hrs and crushed in a zirconia ball mill with ethanol. After that
these powders were pelletized using a uniaxial hand press and sintered at 1500 °C for 80 hrs in the
stream of air.

Table 1 Composition of yttria-stabilized zirconia waste forms, in mol%*
Sample

1

Region
Waste

Initial

AmO,j
NpOi
CeC^
BiO,.,

Matrix
ZrO2
YO,.,

Secular change
(years)

2

4

3
Np+Am

5

Np+U

6

7

Np+U+Bi

439
5.41
0.00
0.00

2.02
7.98
0.00
0.00

0.80
9.20
0.00
0.00

0.00
7.98
1.68
0.34

0.00
635
1.74
1.91

0.00
4.60
1.60
3.80

0.00
2.40
1.42
6.18

77.13
12.87

77.13
12.87

77.13
12.87

77.13
1287

77.13
1287

77.13
12.87

77.13
12.87

0

70

3X103

3X105

2X10S

4X10"

1X10*

* Compositions of each constituent indicate the contents of each cation to total cations in mol%.

For evaluation of phase stability, crystalline phases formed in YSZ waste forms were
identified by XRD method using crushed powder specimens.
Lattice parameters of fluorite-type
(9)
structure were calculated by Nelson-Riley method using positions of peaks depending on fluoritetype structure.
Volume change (AV, in %) of YSZ waste forms with various composition of wastes
were evaluated by the equation (1).
Where, a0 is a lattice parameter, length of unit cell of fluoritetype structure, of the initial Np+Am-doped YSZ waste form (sample No.l) in nm and aL is that of each
YSZ waste form in nm. Mechanical properties of Vicker's hardness (Hv; GPa), Young's modulus
(E; GPa) and fracture toughness (K,c; MPamI/2) of YSZ waste forms were measured using a micro
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AV=(ai/aop

(1)

Hv = 0.464-N IVi,2
E

=0.45'Hvl (0.143 - Kn21 Kn,)

K,c = 0.026'y/E-y/N'Vi,-

Vi2-is

d

rela. = dapp. I dthn,.

(4)02)
(5)

d

app. = W,/(1V,- W2)

(6)

hardness testing machine with Vickers and Knoop indenters.
Specimens used in mechanical
property evaluation were cut off into pellets of 3 mm in diameter by a core drill, mounted in an acrylic
holder and polished by sandpapers and diamond paste up to 1 \im. Hv, E and K,c were measured by
the equations of (2), (3) and (4). Where, Vi,, Vi2, Ktij and Kn2 are lengths illustrated in Fig. 3 in
meter, and N is weight loaded to indentators in N. Densities of YSZ waste forms were measured by
the water displacement method using pellet specimens to evaluate compactness of YSZ waste forms
by the equations of (5) and (6). Where, dapp is apparent density in g/cm3, W, and W2 are weights of
specimens in air and in water, respectively.
And drdlL is a relative density in % and dtheo is a
theoretical density calculated from a, and weight of unit cell of fluorite-type structure of each sample
in g/cm3.

Vicker's
indentation

Knoop indentation

Fig. 3 Measurement of Vicker's and Knoop indentaions.
These properties were compared with the initial Np+Am-doped YSZ waste form to evaluate
stability for secular change of the partitioned TRU waste composition by disintegration.
In addition
comparisons with Np-YSZ, Ce (nonradioactive)- and/or Nd (nonradioactive)- doped YSZ samples,
and with other waste forms were attempted.

4. Results and Discussions
4.1 Phase stability
Figure 4 shows XRD patterns of the initial Np+Am-doped YSZ waste form (sample No. 1)
and a Np+U+Bi-doped YSZ waste form (sample No. 7). In each pattern 9 peaks appear in the
region of 20 to 100 degrees of 29. These peaks are evidence for the formation of fluorite-type
structure in these YSZ waste forms.
XRD patterns of the other 5 YSZ waste forms also indicated 9
peaks in the same region however peak positions slightly shifted because of difference of waste
composition of these samples.
Crystalline phases formation mainly composed of Bi were
considerable because Zr oxide would not react with Bi and not form a solid solution in the wide range
as mentioned before, but in this study the phases mainly composed of Bi could not be identified.
From the results of XRD measurement, only fluorite-type structure could be identified in all YSZ
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Fig. 4 XRD patterns of the initial Np+Am-doped YSZ waste form
and a "Np+U+Bi"-doped YSZ waste form (sample No.7).
waste forms measured in this study.
This means that the fluorite-type structure is stable for the
secular change of the partitioned TRU waste composition by disintegration and that YSZ waste forms
evaluated in this study is also good for phase stability.
Neptunium-YSZ (4) and non-radioactive Ce
(2)
and/or Nd-doped YSZ waste forms also show excellent phase stability.
For the volume change of YSZ waste
form calculated using lattice parameters of
i.o r
fluorite-type structure, the results are shown in
Fig. 5.
The volume increased with the
increase of Np content in wastes composition
in the region of the "Np+Am".
Maximum
•s
value of volume increase was 0.8 % in the
region of "Np+U", corresponding to several
105 yrs, and after that the volume decreased
slowly.
In general, volume change may
0.0 P"
lead to the chinks or the increase of internal
0
10"
102
10"
10«
pressure in waste forms disposed in deep
Secular change (years)
underground.
The chinks will cause the
Fig . 5 Volume change of "Np+Am"-,
increase
of contact
probability
with

4

"Np+U"- and "Np+U+Bi"-doped

underground water.
Waste forms, canisters
YSZ waste forms by the secular
and other engineered barrier materials might
change of the partitioned TRU
be destroyed by the increase of internal
waste composition by disintegration.
pressure by waste forms and external pressure
by expansion of buffer materials. On the other hand it is well known that volume of 244Cm-doped
Synroc increased up to 3 % by internal irradiation(13).
In this way, irradiated waste forms are
expected to expand by a and recoiled particles. Therefore, it is important to evaluate that the
volume change of YSZ waste forms by the secular change of compositions will act as an accelerator
or a mitigator for the volume increase by a-decay damage of crystals. The result in this study
means that the volume change by the secular change will accelerate the volume increase of YSZ waste
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forms in the regions of the "Np+Am" and "Np+U".
However in the region of the "Np+U+Bi", the
volume change for the secular change will act as a mitigator in the whole volume change
phenomenon.
4.2 Mechanical property
Mechanical properties of Vicker's hardness (Hv), Young's modulus (E), fracture toughness (K)C)
of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms are illustrated in Fig. 6.
In this study
pelletized specimens were limited to "Np+U"- and "Np+U+Bi"-doped YSZ waste forms to avoid
extremely external exposure.
Hv, E and K1C of these YSZ waste forms were 10 to 12 GPa, 220 to
1/2
300 GPa and about 2 MPam , respectively.
It is evident that these values are independent of the
secular change of the partitioned TRU wastes compositions and the averages were 11.5 GPa, 266 GPa
and 1.9 MPam1/2, respectively as shown in Fig. 6. This leads to an evaluation that the secular
change of the partitioned TRU wastes composition by disintegration don't effects on mechanical
properties of YSZ waste forms.
Further these values were almost the same as those of Np-YSZ and
those of Ce-, Nd- and Ce+Nd-doped YSZ<9) as shown in Fig. 7.
In addition Hv, E and K,c of
YSZ waste forms were more enough than those of a glass waste form and Synroc waste forms(10)(11).
This means that mechanical properties of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms as well
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Fig. 6 Mechanical properties of Vicker's
Fig. 7
hardness (Hv), Young's modulus (E)
and Fracture toughness (KIC) of
"Np+U"- and "Np+U+Bi"-doped
YSZ waste forms.
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as Np-YSZ, Ce and/or Nd-doped YSZ were also good enough for a radioactive waste forms.
4.3 Compactness
Relative
apparent

density

density,

drela.

to theoretical

(ratio

of

density)

of

100
4

"Np+U"- and "Np+U+Bi"-doped YSZ waste
forms were measured.

All these values were

s

over 93 %, and the result is similar to those of
Np-doped

YSZ waste forms.

compactness

of "Np+U"-

and

Therefore

•o
>

"Np+U+Bi"-

80
105

doped YSZ waste forms are evaluated as good.
However the tendency that relative densities
decrease

with

the

secular

change

partitioned TRU wastes compositions.

of

the
The

reason of the tendency could not be cleared in
this study.

90

106
Secular change (years)

107

Fig. 8 Densities of "Np+U"- and
"Np+U+Bi"-doped YSZ waste
forms and secular change of the
partitioned TRU waste composition.

5. Conclusions
One of the long-term stability, the stability for secular change of the partitioned TRU wastes
composition by disintegration in YSZ waste forms were evaluated in this study.
The results of
phase stability, mechanical property and compactness were followings;
(1) Phase stability of "Np+Am"-, "Np+U"- and "Np+U+Bi"-doped YSZ waste forms could be
maintained of that of the initial Np+Am-doped YSZ waste form permanently even when the
composition of partitioned TRU waste changed by disintegration,
(2) secular change also accelerated volume increase of YSZ waste forms as well as a-decay damage,
(3) Hv, E and K,c of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms were independent of the
secular change of the partitioned TRU waste composition by disintegration,
(4) mechanical properties of YSZ waste forms were good enough as waste forms because Hv, E and
KIC of "Np+U"- and "Np+U+Bi"-doped YSZ waste forms were more than those of a glass and Synroc
waste forms, and
(5) compactness of YSZ waste forms was good as waste forms for the partitioned TRU wastes.
From these conclusions and those from Np-doped YSZ waste forms, YSZ waste forms is
expected as a host material to immobilize high concentrated TRU nuclides such as the partitioned
TRU waste.
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INTRODUCTION
The management of nuclear wastes, particularly highly radioactive mixed wastes, is
extremely hazardous and complicated. In addition to their high radiation and severe inorganic
chemistries, e. g., pH and ionic strength, their organic chemistries can be extremely complex.
Analyses of actual mixed wastes indicate that they may contain complex mixtures of organics,
many of which appear to be degradation products (1, 2). Laboratory studies on simulants of
mixed wastes confirm that the chemodynamics of organic degradation is indeed complex and
varied (3-5).
Enormous stockpiles of mixed wastes at the U.S. Department of Energy's Hanford
Site, the original U.S. plutonium production facility, await permanent disposal. The effort,
already underway, is expected to last for another 75 years, or so, and to consume $50-plus
billion dollars (6). Considerable effort and resources are already being spent in characterizing
the wastes, certainly a prerequisite for their optimal management.
One mixed waste, in particular, a complex concentrate waste derived from
reprocessing spent fuel at the Hanford site 20-plus years ago, was found to contain numerous
nuclear-related organics (2). Compounds identified include chelating agents like EDTA, NTA,
and HEDTA and complexing agents like citric acid, which have been used extensively in the
nuclear industry as decontamination agents, etc. Other mixed wastes analyzed also contain
chelating and complexing agents (1). Considerable research indicates that such compounds
may complicate the management of nuclear wastes by destabilizing waste forms, e. g.,
cementitious grouts, or by enhancing the subsurface migration of radionuclides in the
environment (7).
Analyses of mixed wastes also reveal the presence of myriad, structurally related
chelator and complexor fragments, occasionally at relatively high concentrations, presumably
derived from the degradation of the chelating and complexing agents (1, 2). For example, 38
different chelator and complexor fragments were identified in the complex concentrate waste
(2). Their presence in actual mixed wastes indicates that the organic content of nuclear wastes
is dynamic, not static, which may, in turn, complicate waste management efforts. For
example, some of the fragments may destabilize waste forms or enhance the environmental
-
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mobility of radionuclides even more than the parent compounds themselves.
Our laboratory is studying the chemodynamics of organic degradation in mixed
wastes by characterizing the degradation of chelating and complexing agents in simulants of
the complex concentrate waste. Recent studies confirm that both radiolysis and waste
chemistry do indeed mediate the degradation of mixtures of ethylenediaminetetraacetic acid
(EDTA), nitrilotriacetic acid (NTA), N-(2-hydroxyethyl)ethylenediaminetriacetic acid
(HEDTA) and citric acid into chelator and complexor fragments like those identified in the
actual mixed waste (3). However, the use of organic mixtures in the simulants in these studies
precluded elucidating the specific degradation of each parent organic.
Subsequently, a series of studies was begun on the degradation of specific parent
organics in so-called single-component simulants of the complex concentrate waste. In the
first study, the radiolysis and chemo-degradation of citrate were explored (4). Gamma
irradiation resulted in extensive citrate degradation, but yielded only one complexor fragment.
In contrast, chemo-degradation of citrate in the simulant was slower, but was more diverse,
yielding several complexor fragments, along with traces of other mono- and dicarboxylic acids.
In another study, which will be described in more detail later, the y-radiolysis of EDTA
generated 7 chelator fragments and 3 dicarboxylic acids (8). A recent study on the radiolysis
of an NTA simulant yielded very dramatic results (9). Gamma radiolysis resulted in total
NTA degradation by a y-dose of 7.5 x 106 ± 10% R, but some organic content remained.
Four chelator fragments and 2 carboxylic acids were formed, all at different rates.
The subject of this report is the chemo-degradation of EDTA degradation in a
simulant of Hanford's complex concentrate waste. The simulant was prepared by adding
EDTA to an inorganic matrix (without any radioactivity), which was formulated based on
past analyses of the actual waste (2). To carry out the chemo-degradation study, the EDTA
simulant was stored in the dark at ambient temperature for up to 115 days. Aliquots of the
EDTA simulant were withdrawn at different time points, derivatized via methylation and
analyzed by gas chromatography and GC/mass spectrometry (GC/MS) to monitor the
disappearance of EDTA and, most important, the appearance of its' degradation products.
This report also compares the results of EDTA's chemo-degradation to the g-radiolysis of
EDTA in the simulant, the subject of a recently published article (9). Finally, based on the
results of these two studies, an assessment of the potential impact of EDTA degradation on
the management of mixed wastes is offered.

EXPERIMENTAL
Experimental Design
The EDTA simulants of the organic complexant waste from Hanford were prepared
by combining an inorganic waste matrix and EDTA.
Inorganic Waste Matrix Preparation. The inorganic matrix of the simulated waste
was prepared according to the following composition, based on past inorganic analyses of an
actual complex concentrate waste (10): HNO3, 2.60 M; A1(NO3)3'9H2O, 210 mM;
Fe(NO3)3*9H2O, 38 mM; Ca(NO3)2'4H20, 25 mM; Cr(NO3)3«9H20, 4.5 mM; KNO3,
46 mM; La(NO3)3'6H2O, 0.28 mM; Nd(NO3)3'5H2O, 0.98 mM; Mg(NO3)2«6H2O, 11
mM; Mn(NO3)2, 7.2 mM; Ni(NO3)2'6H2O, 8 mM; Zn(NO3)2*6H2O, 7.4 mM; Na2HPO4,
-
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22 mM; NaCl, 41 mM; Na2B4O7, 21 mM; Cu(NC"3)2'3H2O, 0.42 mM; Pb(NC«3)2, 1.8
mM; (NH4)6Mo7O24'4H2O, 0.45 mM; Cd(NO3>2«4H2O, 0.55 mM; NaOH, 6.75 M;
NaNO3, 2.04 M; Na2CO3, 1.22 M; NaNC>2, 800 mM; and Na2SO4, 7.2 mM.
Concentrated nitric acid was added to half the final volume of deionized water
followed by sequential addition of the above inorganics. Most of the salts were added, in the
order specified above, to an acidic solution to maximize their initial solubility. The solution
was then neutralized with sodium hydroxide. Sodium carbonate and sodium nitrite were
added to a basic solution because they decompose in an acidic environment, releasing volatile
species. The waste matrix was very alkaline (pH 13.5), biphasic (-31% solids), and amber in
color.
EDTA Simulant. EDTA was added at a concentration of 11.8 mM to 15 mL
aliquots of the inorganic waste matrix in glass scintillation vials for each time point. This
concentration was selected to match that determined in the earlier analyses of the actual
complex concentrate waste (2,10) and earlier simulation studies (3, 5).
Chemo-Degradation Study. The scintillation vials containing the EDTA simulants
were then individually wrapped in aluminum foil to exclude light, and stored at ambient
temperature for 0,17,41, 65, 82 and 115 days to study the effect(s) of chemical energy on
EDTA degradation. An aliquot of each waste sample was immediately prepared for organic
analysis.
Analytical Procedure
Preparation of Analytical Samples. Triplicate 0.5 mL aliquots of each time point
were carefully transferred to 5 mL reaction vials and dried on a heating block under N2 at 50
°C. Given the high solids content of the simulated waste, samples had to be vortexed and
quickly pipetted to insure uniform sampling. The resulting dried residue of each sample was
methylated in the sealed vial with 1 mL BF3/methanol (14% w/v) at 100 °C for 20 min. After
cooling, 1 mL of chloroform was added to the methylation mixture in the reaction vial. The
mixture was vortexed and transferred to a test tube containing 3 mL of 1 M KH2PO4 buffer
solution (pH 7), with a 0.2- mL chloroform rinse. The mixture was vortexed and then
centrifuged on a low-speed, tabletop centrifuge to separate the two phases. Part of the
chloroform layer (0.6 mL), which contained the methylated hydrophilic organics, was
transferred to a reaction vial and frozen prior to gas chromatography (GC) and combined
GC/mass spectrometry (GC/MS) analysis.
GC Analysis. Capillary GC analyses were performed on a Hewlett-Packard (HP)
5890 Gas Chromatograph equipped with a flame ionization detector (FID). The instrument
was was also equipped with a splitless injection system attached to a 30 m x 0.25 mm inside
diameter (I. D.) fused silica capillary column coated with a 0.25-UMn film of DB-5. From an
initial value of 40 °C, the column temperature was programmed at 5 °C per minute to 300 °C,
and finally maintained isothermally at 300 °C for 10 minutes.
GC/MS Analysis. GC/MS analyses were performed on Hewlett Packard 5989A
instrument in the electron-impact (El, 70eV) mode. The gas chromatographs were equipped
with 30 m x 0.25 mm I. D. fused silica capillary columns coated with 0.25 ujn of DB-5; each
column was programmed from 40 °C to 300 °C at 5 °C per minute, where it was maintained
isothermally for 10 minutes. Splitless injection systems were used to introduce the sample.
A mass range of 50 - 400 amu was scanned by the GC/MS instrument's computer.
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Quantitation. Hydrophilic organics identified in the simulants' methylated
hydrophilic extracts were quantitated using external standards as described previously (3, 10).
A response factor, expressed as nanograms of analyte per Total Ion Chromatogram (TIC) area
counts, was computed for each methyl ester of commercially available standards (EDTA and
IDA, identified in the EDTA simulant, as listed in Table 1; and N-(2-Hydroxyethyl)iminodiacetic Acid [HEIDA]) under analytical conditions identical to those of the sample analyses.
Using these standards, estimated response factors were assigned to the other chelator
fragments, which are not commercially available.
Materials
Simulated Waste Components and Analytical Standards. The parent organic
EDTA and the commercially available chelator fragments, HEIDA and IDA, used as GC
standards, were purchased from Aldrich Chemical Company (Milwaukee, Wisconsin). The
chemicals used to prepare the inorganic waste matrix were purchased from a variety of
sources.
Chromatographic Columns. The DB-5 fused silica capillary columns used in the
GC and GC/MS analyses were purchased from J & W Scientific (Folsom, California).
Reagents, Solvents, and Glassware. The BF3/methanol (14% w/v) used in the
methylation reaction was purchased from PIERCE (Rockford, Illinois). All of the solvents
used in the analytical procedure, described previously, were redistilled-in-glass solvents
purchased from Fisher Scientific (Fair Lawn, New Jersey). Deionized water, pre-purified for
laboratory use, was further purified on a SYBRON/Barnstead NANOpure® system
(Bamstead) containing two ion-exchange resins and one charcoal filter. All glassware was
cleaned in an RBS 35® detergent/deionized water solution (20 mL RBS 35 concentrate/ L
water, v/v) followed by NANOpure® water rinses.

RESULTS AND DISCUSSION
EDTA Degradation
EDTA degraded steadily throughout the duration of this chemo-degradation study
(Table 1 and Figure la). Nearly all of the EDTA originally added to the simulant, or 97.5%,
was detected in the zero day time point, but 59.2% of the original EDTA had disappeared by
115 days.
Formation of Degradation Products
The only class of degradation products formed via the chemo-degradation of EDTA in
the simulant are chelator fragments. Traces of two carboxylic acids, palmitic and stearic acids,
were detected in many of the time points. However, analysis of a system blank revealed their
presence, so they are undoubtedly trace contaminants.
Chelator Fragments. Eleven chelator fragments were formed via the chemodegradation of the parent compound EDTA (Table 1). The compounds range from relatively
small species like HMMIA to much larger species like EtDMAPD'A (see Table 1 for
©NANOpure is a registered trademark of The Barnstead Company, Boston, Massachusetts.
® RBS 35 is a registered trademark of PIERCE, Rockford, Illinois.
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Table 1
Organics Identified in EDTA-Mixed-Waste Simulant over Time

Concentration (mM)( a ) after n Days
Compound(b)

0

Parent Organic
Ethylenediaminetetraacetic Acid (EDTA)

11.45 9.73

Chelator Fragments
N-Hydroxymethyl-N-methyliminoacetic Acid
(HMMIA)
0.08
Iminodiacetic Acid (EDA)
N-(Ethyl)ethylenediamine-N-acetic,N'-carboxy
Acid (EtEDCA) (c)
N-(Methylamine)iminodiacetic Acid (MAIDA)
0.10
1 I
N-(Carboxy)ethylenediamine-N ,N -diacetic Acid
(CEDD'A)(e)
N-(Carboxy)ethylenediamine-N,N'-diacetic Acid
(CEDDA)
N-(Ethyl)-N,N'-(dimethylamine)propylenediamineN'-acetic Acid (EtDMAPD'A)
trace
Ethylenediaminetriacetic Acid (ED3A) (c)
trace
N-(Methylamine)-N'(methyl)ethylenediamineN,N'-diacetic Acid (MeMAEDD'A)
N-(Hydroxy,carboxy)ethylenediamine-N',N'diacetic Acid (HCEDDA)
N-(Methylamine)ethylenediaminetriacetic Acid
(MAED3A)
trace
TOC Recovery (%)(<*)

97.5

17

41

65

82

115

8.40 7.92 6.70 4.81

1.04
0.93

2.22 3.34 4.12 5.06
2.11 3.02 2.85 4.80

0.01
0.12

0.02 0.05 0.06 0.08
0.20 0.29 0.42 0.51

0.02

0.03 0.04 0.06 0.06

trace

trace trace

trace
0.02

trace trace 0.01
0.05 0.07 0.09 1.20

0.04

0.09 0.21 0.27 0.37

trace

0.01 0.02 0.04 0.05

0.10

0.25 0.36 0.46 0.56

89.1

86.1 84.5 82.1 84.1

trace

a) No entry indicates compound is below detection level, b) Methylated (BF3/Methanol),
acids identified as methyl esters, c) Identified as a lactam by GC/MS and past GC/FTIR
analyses (1-3, 5). d) Percent total organic carbon (TOC) computed as the ratio of the
concentration (mg C/L) of organics identified vs. nominal concentrations of source-term
organics added to the simulated waste.
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complete nomenclature). Collectively, their formation rate is steady throughout the duration
of the study (Figure la). Their combined rate of formation appears to be much slower than
the rate of EDTA degradation.
Examination of the individual rates of chelator fragment formation in Figure lb reveals
that the chemodynamics of their genesis varies substantially, depending on the chelator
fragment. HMMLA and IDA form much more rapidly than the rest of the chelator fragments.
As a matter of fact, by the end of this study these two fragments both exceed the remaining
EDTA. ED3 A, MAED3A, MAIDA and MeMAEDD'A formed at much slower rates, but at
greater rates than the remainder of the chelator fragments.
Organic Recoveries and EDTA Degradation
The mass balance for the organic content of each time point was computed as the
percent total organic carbon (TOC) recovery, relative to the concentration of the parent
organic EDTA (11.8 mM) originally added to the simulated waste. The TOC content of the
original EDTA and each time point was, in turn, computed by quantitating each organic
species as g C/L.
The TOC recoveries in the chemo-degradation of EDTA declined steadily from 97.5%
to approximately 84%, where the values seem to plateau. Thus, there appears to be a
maximum of 16 -18% TOC loss due to chemo-degradation, at least over the duration of this
study. Based on past analyses and methods validation studies (1, 10), not to mention the
high TOC recovery of the zero day time point, the loss does not appear to be due to inherent
deficiencies in the analytical procedure used, or to artifactual EDTA loss, e. g., precipitation.
A likely explanation for the TOC loss is dispersive degradation, the formation of
degradation products, e. g., gases, which lie outside the "scope" of the analytical procedure
used in this study. The methylation reaction, combined with GC and GC/MS analysis, has
worked very well, even quantitatively, for analyzing source-term organics like EDTA, as well
as chelator and complexor fragments (1-5). However, no single analytical procedure is
capable of isolating and characterizing the complex mixtures of organics often present in mixed
wastes. Based on solution studies in the literature, gases like CO2, volatile organics, and polar
compounds like amines are among the likely candidates for the missing organics (11-13).
Comparisons with EDTA Radiolysis
Comparison of the results of this chemo-degradation study with those of a recently
published study on the y-radiolysis of EDTA reveal some very interesting contrasts (9).
Chemo-degradation of EDTA is certainly appreciable (59.2% in 115 days) but is not
nearly as vigorous as EDTA radiolysis, where 89.1% of the EDTA disappeared by 100 hr of
y-irradiation, corresponding to a y-dose of 7.5 x 10 6 ! 10% R (9). Radiolysis clearly yields
much greater EDTA degradation. The TOC recoveries in the chemo-degradation remain fairly
high throughout the duration of this study, suggesting that the process is fairly conservative.
The maximum TOC loss amounted to only 17.9%. In contrast, radiolysis resulted in an
eventual loss of 65.3% of the organic content, indicating that EDTA radiolysis is a dispersive
process. On the other hand, chemo-degradation yields more chelator fragments, 11 in total,
compared to 7 fragments via radiolysis. In contrast, radiolysis also yielded small-to-moderate
amounts of three dicarboxylic acids, whereas chemo-degradation yielded none.
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Figure 1. Chemo-degradation of EDTA in a simulated mixed waste stored at ambient
temperature in the dark for 0 - 1 1 5 days. la. Disappearance (-e-) of the parent EDTA
and appearance (-*-) of its degradation products, or chelator fragments, vs. storage time
(days). Concentration (%) values were computed as the % ratio of EDTA (mM) remaining
or total degradation products (mM) formed vs. the original EDTA (11.8 mM). The % total
organic carbon (TOC, -o-) remaining was computed as the ratio of organics identified vs. the
original EDTA (expressed as mg C/L). lb. Individual genesis of EDTA's chemo-degradation
products vs. storage time: HMMIA (-B-), EDA (-*-), ED3A ( — ) , MAED3A ( - o ) ,
MeMAEDD'A (-*-) MAIDA (-•-), CEDD'A (-*-), HCEDDA ( — ), EtEDC'A (-o-),
EtDMAPD'A (-»-) and CEDDA (-e-) vs. irradiation time. Species ratios were computed
as the % ratio of each chelator fragment, (mM) formed vs. the original EDTA (11.8 mM).
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Potential Impact of EDTA Degradation on Mixed Waste Management
Understanding the degradation behavior of EDTA and the products formed should
assist engineers in managing mixed wastes which contain EDTA. This results of this
simulation study not only agree well with but also amplify information obtained from past
analyses of the actual mixed waste (2, 10). For example, EDTA degradation accounts for
many of chelator fragments formed in the radiolysis or chemo-degradation of the simulant
containing the mixture of chelating and complexing agents (2, 5). To be completely rigorous,
specific assessments will require reconfirmation studies on actual wastes. One approach
might be to spike actual mixed waste samples with 14C-labelled EDTA and follow the labeling
pattern in the degradation compounds.
A few tentative assessments can be offered on the basis of this simulation study. The
loss of TOC may well result in the formation of gases like CO2, CO, and H2. Such gases may
destabilize wastes by causing volume expansion, slurry growth, increasing the risk of
explosion, etc. Detailed laboratory studies of gas evolution in mixed wastes certainly need to
be carried out and are being initiated (14). Another source of concern is the chelating capacity
of the simulant. Many degradation products of chelating agents may have considerable or
even higher affinities for metals and radionuclides than the parent compounds (12). As noted
earlier, a high chelating/complexing capacity may destabilize a waste form and increase the
environmental mobility of toxic metals and radionuclides in groundwater leachates of buried
wastes. To resolve this issue, the chelating capacities of the simulant will have to be
measured.
Concluding Remarks
Based on this study, combined with past analyses of actual and simulated wastes, it is
clear that the chemistry of mixed wastes, excluding their radiation, can cause extensive EDTA
degradation. The high radiation field, ~1 Ci/L, of the actual complex concentrate waste is
probably responsible for much of the degradation (3, 10). However, it is also likely that the
actual waste's harsh chemical environment and thermal energy, heat produced by B-emitting
radionuclides, which typically ranges from 100-150 °C, all contribute to the organic
degradation (2, 10).
The use of simulants to study actual mixed nuclear wastes appears to be very
promising. Recent studies in our laboratory indicate that well-designed simulants mimic
actual wastes very well (3, 5). The results of this simulation study indicate that the source of
a number, but not all, of the chelator fragments detected in the actual mixed waste is clearly
EDTA degradation. The other chelating agents, NTA and HEDTA, detected in the actual
waste still need to be studied. Moreover, the use of nonradioactive simulants permits the
systematic study of the chemodynamics of organics in mixed wastes in a controlled
laboratory setting, without the hazards of radiation exposure. Finally, it is hoped that the
findings of such laboratory studies on simulated wastes are beneficial to engineers charged
with the daunting task of managing actual mixed wastes. A priori assumptions based on
paper studies may not always match actual observations.

-

582 -

JAERI-Conf

99-004

ACKNOWLEDGMENTS
One of the authors (Toste) spent the summer of 1998 in the Environmental
Geochemistry Laboratory in the Department of Environmental Safety Research of the Japan
Atomic Energy Research Institute (JAERI) as an STA Fellow. He gratefully acknowledges
Japan's Science and Technology (JST) Corporation, the Japan International Science and
Technology Center (JISTEC), JAERI and his host researcher, Dr. Toshihiko Ohnuki, for a
wonderful international experience and the opportunity to complete this project. The spirit
of teamwork and gracious hospitality were marvelous. The Hewlett-Packard 5989A GC/MS
(MS Engine) instrument was purchased with the generous support of the National Science
Foundation's Instrumentation and Laboratory Improvement (ILI) Program (Grant USE9051582) and Syntex Corporation, combined with university matching funds.

REFERENCES
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

A.P. Toste, T.J. Lechner-Fish, D.J. Hendren, R.D. Scheele, and W.G. Richmond, J.
Radioanal. Nuc. Chem., Vol. 123, No. 1, p. 149 (1988).
A.P. Toste, B.C. Osbom, K.J. Polach and T.J. Lechner-Fish, J. Radioanal. Nuc. Chem.,
Vol. 194, No. 1, p. 25 (1995).
A.P. Toste, J. Radioanal. Nuc. Chem., Vol. 161, No. 2, p. 549 (1992).
A.P. Toste, K.J. Polach and T.W. White, Wst. Mgt., Vol. 14, No. 1, p. 27 (1994).
A.P. Toste and T.J. Lechner-Fish, Wst. Mgt., Vol. 13, p. 237 (1993).
G. Zorpette, Sci. Amer., Vol. 274, No. 5 (1996).
A.P. Toste, L.J. Kirby, W.H. Rickard and D.E. Robertson, Rad. Wst. Mgt., IAEA-CN43/470, Vol. 5, p. 213 (1984).
A.P. Toste, J. Radioanal. Nuc. Chem., Vol. 235, No. 1-2, p. 213 (1998).
A.P. Toste, J. Adv. Oxid. Technol., Vol. 3, No. 1, p. 70 (1998).
A.P. Toste, R.B. Lucke, T.J. Lechner-Fish, D.J. Hendren and R.B. Myers, Wst. Mgt.,
Vol. 87, No. 3, p. 323 (1987).
S. N. Bhattacharyya and K.P. Kurdu, Int. Radiat. Phys. Chem., Vol. 4, p. 31 (1972).
A. E. Martell, R.J. Motekartes, A.R. Fried, J.S. Wilson, D.T. MacMillan, Can. J.
Chem., Vol. 53, p. 3471 (1975).
C. H. Delegard, Report No. RHO-RE-TI-062, Rockwell Hanford Operations, Hanford,
WA, (1983).
T. H. Dunning, Jr., E. P. Horowitz, D. M. Strachan, E. H. Ashby, E. J. Hart, D. A.
Reynolds, W. W. Schultz, D. D. Siemer, W. J. Thomson, D. S. Trent, R. M. Wallace,
Report No. PNL-7595, 1991, Pacific Northwest Laboratory, Richland, WA, .

-

583 -

JP9950271
JAERI-Conf

99-004

SORPTION OF NEPTUNIUM(V) ON SILICATE GELS
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Introduction
Aqueous corrosion of nuclear waste glasses induces the formation of a gel layer
enriched in hydrolysable elements. To assess the role of such layers on the migration of Np(V)
from repositories to environment, and determine the retention mechanisms, experiments have
been undertaken on synthetic pure silica and on ferrisilicate gels as model solids. Experiments
have also been conducted on an alteration silicate gel, formed by lixiviation of
aluminoborosilicate glasses, and used as a surrogate to the gel layers formed by alteration of
nuclear glasses.
Silicate gels are known to be strong scavengers for Np(V) (Paulus et al., 1992).
However, so far, no detailed and systematic studies appear to have been devoted to the
influence of solution parameters and gel composition on the sorption of Np(V) on silicate gels.
In this work, the fractional uptake of Np(V) on a synthetic pure silica gel and on synthetic
ferrisilicate gels of controlled Si/Fe proportions (3 and 10) was measured at different ionic
strengths (0.5 to 0.01 M) and Np(V) concentration levels (=10"10 M and 10"6 M) with pH as
the main variable (3 to 10). The pH dependence of Np(V) sorption on the alteration gel was
also investigated for different initial concentrations of Np(V) in the aqueous phase (=10~10,
10"6 and 10° M). Batch experiments were carried out at 298 K under CO2-free conditions to
avoid the formation of Np(V) carbonate complexes in the solution. As a part of this work, the
charge characteristics of the gel surfaces were determined either by studying the retention of
the electrolyte ions as counterions to the surface charges, as a function of pH and ionic
strength of the solution contacted with gels, or by performing acid/base titrations of the
alteration gel suspensions.

1. Experimental procedures and material
1.1 Material
The silicate gels were synthesized using the following procedure. For the silica gel,
an aqueous solution of metasilicate (Na2SiC>3, 0.3 M) is progressively acidified by successive
additions of HC1 (3 N to 0.001 N). At near-neutral pH, a gelification of the solution is
observed after approximatively 15 mns. The ferrisilicate gels were prepared, using a similar
procedure, by mixing appropriate volumes of Na2SiC>3 and FeCb (0.3 M) solutions, in order to
obtain Si/Fe defined atomic ratios (10 and 3). After gelification, the gel is centrifuged. The
supernatant solution is then removed and the remaining gel is dried at 343 K during 24 h. The
dried gel powder is sieved and the granulometric fraction in the range 125-150 urn is chosen
for experiments. The gel powder is then repeatedly washed with ultrapure water in order to
-
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remove NaCl cristallites detected by X-ray diffraction analyses. The final gel powder is then
characterized by X-ray diffraction, infrared spectroscopy and chemical analyses. The sodium
and chloride contents of the synthetic gels used for experiments are given in Table 1.
Table 1 : Initial sodium and chloride contents of the synthetic gels.
Gel
Silica
Si/Fe=3
Si/Fe=10
<2
<2
Cl (umol/g)
<2
21
32
Na (umol/g)
18
The alteration gel is obtained by lixiviation of an aluminoborosilicate glass at 363 K.
The composition of the gel, in weight percent oxides, is : 37.9 % SiC»2, 6.0 % AI2O3, 5.4 %
Fe2C>3, 5.2 % CaO and 5.6 % Na2O for major component oxides. The gel is also very rich in
elements like Ba, Sr, Co, Cr, Zr, Mn, Mo, La, Ce, Pr and Nd.

1.2 Surface charge measurements
The surface charge characteristics of the synthetic gels were determined by studying
the retention of the electrolyte ions as counterions to the surface charges, as a function of pH
and ionic strength of the solution contacted with the gels. A known amount of silicate gel (0.1
g) is brought in contact with a 10 ml NaClO4 solution (0.1, 0.01 and 0.001 M) in 15-ml
polyethylene tubes. The initial pH is adjusted with standardized HCIO4 and NaOH solutions
in order to obtain final pH values in the range 3-10. The tubes are gently shaken at 298 K.
Maximum retention of electrolyte ions, as well as equilibrium pH, are measured after 1 h
contact time. After shaking, the tube is centrifuged (3000 t/mn) during 15 mn. A 1 ml sample
of supernatant solution is taken for chemical analyses, and a 4 ml sample is taken for final pH
measurement. The remaining solution is removed by aspiration and the tube is weighted and
dried to constant weight in order to determine the mass of occluded solution. After drying, the
silicate gel powder is taken for analyses of its sodium and perchlorate content. The retention
of sodium and perchlorate ions as counterions to the surface charge is calculated from the
chemical analyses of the final gel and of the supernatant solution. Indeed, the amount of
sodium or perchlorate ions remaining in the gel sample due to evaporation of the occluded
solution is substracted from the contents of the final gel.
The surface charge of the gel is defined as follows :
$c

=

Qv ~CNQ

(1)

where Sc is the surface charge of the gel in mol /g and Ca and CNa are the contents
of perchlorate and sodium in mol/g of the gel, respectively (for convenience, negative values
are given to Sc, for a negatively charged surface).
The surface charge of the alteration gel of an aluminoborosilicate glass was studied
by performing potentiometric titrations of the gel suspensions. A programmable automatic
titrator that enabled an accurate dispensing of the titrant solution was used. The titrator is
placed in a glove box filled with nitrogen. The solid sample is introduced in an argon-purged
0.1 M NaClCu solution for 2 days prior to titrations. The temperature is maintained at 298K
and the sample is stirred continously. Standardized CC»2-free HCIO4 and NaOH solutions are
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added. Titrations are performed from the initial pH to pH 4 with acid, and then to pH 9 with
base. After each addition of acid or base, several minutes are needed to allow attainment of a
pseudo-equilibrium. Acid / base titrations of the background electrolyte solution (0.1 M
NaC104) were also performed at 298 K. The point of zero charge of the solid and the surface
charge of the gel, at a ionic strength of 0.1 M, are deduced from the potentiometric titrations
of the gel suspension and of the background electrolyte.
1.3 Np(V) sorption experiments
The inital concentrations of neptunium used in sorption experiments were obtained
using 239Np (T = 2.35 d) and/or 237Np (T = 2.14 . 106 y). The carrier free 239Np was selectively
extracted from its radioactive parent 243Am by ion exchange chromatography. The detailed
procedures for extraction of 239Np and preparation of the 237Np stock solution are reported by
Del Nero (1997, 1998).
The batch experiments were performed at 298 K using CC^-free NaC104 or NaNC>3
solutions placed in a glove box, where a continous flow of argon was maintained. Stock
solutions of NaClC>4 or NaNC>3 are prepared in the glove-box from chemicals reagent grade
and Milli-Q plus ultrapure water before the experiments. The solutions are used just after
additional bubbling with argon gas. A known amount of solid is transferred into a 15 ml
polyethylene tube. The solid is contacted with appropriate amounts of previously made CO2free NaClO4 or NaNC>3 solutions, and CC^-free NaOH or HCIO4 solutions in order to adjust
the ionic strength (I.S.), the pH and the solid concentration (R) to specified values (I.S. : 0.5,
0.1 or 0.01 M, R : 20, 10 or g/L, pH : 3 to 10). The tube is tightly sealed and placed in a glove
box under depression equipped with a CC^-trap system, in order to add a known amount of
237
Np (or 237Np+239Np-) bearing 0.001 M HC1O4 solution (Np concentration : 10~10, 10"6 or 10"
3
M). The tube is sealed, placed in a water-jacketed reactor to maintain the temperature at 298
K, and gently shaken during a defined eqilibration period. The residual activity and the final
pH of the solution are measured after ultrafiltration (10000 Daltons). A 1 ml of the solution is
pipetted for y-counting, using a Ge-well detector (for 239Np : Ey = 99.6, 103.8 and 106.1 keV,
detection limit = 10"9 mol; for 237Np : EY = 87 keV, detection limit = 10"9 mol). The
percentage of Np(V) sorbed (%Npads) on the solid phase is calculated as follows :

(2)

where Aj-mal and Ajnj

are final and initial neptunium activity concentration in

3

Bq/cm , at time t. Blank
Blanl tests were also performed to evaluate potential losses of Np to tube
walls (Del Nero, 1998).
Kinetic experiments were also conducted to evaluate the time needed for (pseudo-)
equilibrium attaintment of the solid/solution sytems. Contact times were varied between one
hour to 15 days. Equilibrium is reached within a few hours for the synthetic gels, and a few
days for the alteration gel (Fig. 1). Experiments designed to measure the pH-dependence of
Np(V) sorption on gels were performed using contact times of 24 h and 5 days, for the
synthetic and alteration gels, respectively.

„ CQC

JAERI-Conf

•a 30
o
O
(0
T3

99-004

opH = 5.93 +/- 0. 03

20

(0

L

O -I-

10

z

"TT" A

TT"

'5C

v

0
0

100 200 300
Contact time (h)

Figure 1 : Percentage of 10"6 M Np(V) adsorbed on 4 g/L
alteration gel in 0.1 M NaNO3 solutions, at 298 K, as a function of
solid/solution contact time (final pH : 5.93 ±0.03)

2.

Surface charge measurements

Measurements of the retention of Na+ ions indicate that the silica gel displays a pHdependent charge at pH values above ~ 5. No positive charge (CIO4" retention on surface)
was detected for pH values above 3. The global surface charge of the silica gel is reported in
Fig. 2 as a function of pH, for different values of the ionic strength of the solution.
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Figure 2 : Surface charge (in mol/g) of the silica gel in NaClC>4 solution,
reported as a function of pH. Surface charge is calculated from measurements of
electrolyte ions retention at gel surface (I.S. : ionic strength).

The results obtained for the silica gel are similar to those reported by previous studies
of counterion retention measurements on hydrous silica (Perrot, 1977). As for hydrous silica,
the pH-dependent negative charge of the silica gel surface arises from deprotonation of the
weakly acidic silanol groups. At high electrolyte concentrations, additional binding of
counterions may occur (Davis et al., 1978).
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The ferrisilicate gels display both a negative charge, within the pH range investigated
(3-10), and a low positive charge for pH values lower than ~ 7. The negative charge of these
gels increases as the pH, the ionic strength and the Si/Fe atomic ratio of the gel are increased.
The positive charge increases with a decrease of pH, a lowering of the Si/Fe atomic ratio of
the gel, and an increase of the ionic strength. The pH-dependent global surface charges are
shown in Fig. 3 and 4 for the gels having an Si/Fe atomic ratio of 10 and 3, respectively. For
the gel with a Si/Fe ratio of 10, the surface charge is negative and pH-dependent throughout
the pH range investigated. For the gel with a Si/Fe ratio of 3, the surface is positively charged
at low pH (pH<3.5) and negatively charged for pH values higher than 3.5.
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Figure 3 : Surface charge (in mol/g) of the ferrisilicate gel having a Si/Fe
ratio of 10, in 0.1, 0.01 and 0.001 NaC104 solutions, reported as a function of pH.
Surface charge is calculated from measurements of electrolyte ions retention at gel
surface.
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Figure 4 : Surface charge (in mol/g) of the ferrisilicate gel having a Si/Fe
ratio of 3, in NaC104 solutions, reported as a function of pH. Surface charge is
calculated from measurements of electrolyte ions retention at gel surface (I.S. :
ionic strength).
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The surface characteristics of the ferrisilicate gels may be interpreted on the basis of
structural models for amorphous aluminosilicate or clays, and of previous studies concerning
the role of hydroxy-iron species in determining silicate surface charge.
Structural models of amorphous aluminosilicate consider isomorphous substitutions
of tetrahedrally-coordinate Al for Si in a silica structure with a permanent charge which is
neutralized, at least partially, by a positively-charged phase composed of hydroxy-aluminium
species (Perrot, 1977). The negative charge below pH 6 has been attributed to such tetrahedral
substitutions in the silica lattice. The pH-dependence of the negative charge below pH 6, as
measured by Na+ counterion retention, has been suggested to arise from the release of initially
blocked permanent negative charge by protonation of the charge-balancing hydroxyaluminium species (Perrot, 1977).
Although to a lesser extent than for Al, isomorphous tetrahedral substitutions of Fe
for Si may occur in a silica structure, leading to a negative charge of the ferrisilicate gels for
pH values lower than 5. The pH-dependence of the negative charge of the gels at pH lower
than 5, as measured by Na+ retention, may also be due to the release of initially blocked
permanent charge by protonation of charge balancing hydroxy-iron species. Hydroxy-iron
species are indeed suggested to provide positive charges at low pH and to cause the pHdependence of negative charge of soil clays (Perrot, 1977).
The negative charge developed by the ferrisilicate gels for pH values higher than 6 is
due to the ionization of the silanol groups. Deprotonation of ferrinol groups may also
contribute to the negative charge at high pH values.

The pH-dependence of the surface charge of the alteration gel in 0.1 M NaNC>3
solutions, measured by potentiometric titrations, is reported in Fig. 5. The point of zero charge
of the alteration gel is found to be high and close to values reported for gibbsite or iron
oxihydroxides (Stumm, 1992 ; Del Nero, 1997).

3 4 5 6 7 8 9
Final pH

10

Figure 5 : Surface charge (in mol/g) of the alteration gel in 0.1 M
NaNO.i solutions, reported as a function of pH. Surface charge is calculated
from potentiometric titrations of background electrolyte and gel suspensions.
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3. Np(V) sorption experiments
3.1 Np(V) sorption on pure silica gel
Fig. 6 indicates the percentage of Np(V) adsorbed on the pure silica gel, under CO2free conditions, at different solid concentrations (10 and 20 g/L), initial Np(V) concentrations
(=10"10 and 10"6 M) and ionic strengths of the contacting NaClO4 solutions (0.1 and 0.01 M).
In all cases, the percent sorption is very low at acidic pH values (pH<6) and increases as pH
increases (adsorption edge). A decrease from 0.1 to 0.01 M of the background electrolyte
induces a slight increase of the percentage of Np(V) sorbed, due to an electrostatic
contribution to adsorption, arising from the charge of the gel surface.
At a high ionic strength (0.1 M), a lowering of the initial Np(V) concentration from
10" M to 10" M has no significant influence on the percentage of Np(V) sorbed. This
indicates that the same adsorption reactions and that only one type of monoenergetic sites
accounts for Np(V) uptake on the gel, within the concentration range investigated.
6

I

4

I

I

I

1 I

I

I

I

5 6 7 8 9 10
Final pH

Np:1 pM. I.S. : 0.01M. R:20 g/L
Np:1 pM. I.S.:0.1M. R:20g/L
A Np:0.0001 (JM. I.S.:0.1M. R:20 g/L
• Np:1 uM. I.S.:0.1M. R:10g/L
o • Modeling

o

Figure 6 : Percentage of Np(V) adsorbed at 298 K on silica gel in
COi-free NaClO4 solutions, reported as a function of pH (Np : initial Np(V)
concentration, I.S. : ionic strength). The solid curve is obtained using the
non-electrostatic surface complexation model (see text below).

The non-electrostatic surface complexation model (NEM) is used to describe the pHdependent adsorption of Np(V) on the silica gel, for an ionic strength of 0.1 M. The code used
is the speciation code EQUIL-DISSOL in which a non-electrostatic model has been
introduced. This program permits to calculate the distribution of aqueous and surface species
in mineral / solution systems, using a thermodynamic database for aqueous and surface
complexation reactions. The code can also be used to determine weighted average binding
constants at mineral surfaces (infrom experimental data, and the associated standard
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deviation (o , o g / ,). Activity coefficients are calculated from the extended Debye-Hiickel law.
The thermodynamic data used for hydrolysis reactions of neptunyl ions is that of Neck et al.
(1992).
In the NEM, the correction factor for the electrostatic contribution arising from the
charge of the solid surface is taken as unity. The choice of this model to simulate Np(V)
sorption on the silica gel at a high ionic strength is guided by the fact that, for trace elements,
specific sorption is indeed dominant when the salt content in water is high [ Degueldre et al.,
1994].
In modeling, we consider the deprotonation reaction of the surface silanol groups
(noted SOH):
SOHi

H:

(3)

With an associated conditional constant

K =

(4)

SOH

The surface mass balance equation for surface site is written :
(5)
where ST is the total surface site concentration in mol sites / g gel. The value of ST
is estimated to be equal to 5.10"4 mol sites / g on the basis of experiments of counterion
retention at silica gel surface. The value of cK_ is deduced, using the code EQUIL-DISSOL,
by a fitting procedure. The value of surface parameters used in modeling are reported in Table
2.
Table 2 : Values of parameters used in surface complexation modeling of Np(V) retention
on silica gel in 0.1 M NaC104 solutions, using the non-electrostatic model.
Parameter
Value
4
5. 10" mol site, g"1 gel
Site concentration
20 g. L"1
Solid concentration
1. 10"2 mol site. L"1
Total site concentration
7.4±0.2
*LogcK_
-5.2±0.2
*LogcKNp
* conditional constant for a 0.1 M ionic strength.

In modeling, we assume that the simplest reaction accounts for Np(V) adsorption on
silica gel, under CC^-free conditions :
->SONpO2+H+
with a conditional constant defined as follows:
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[SONpO2}[H+]

(6)

Good agreement is achieved between calculations and experiments by including in
modeling reaction (5) with a pcKN value equal to 5.2+0.2 (0.1 M). Such a value is
considerably lower than the binding constants associated to reaction (5) for ferrinol and
aluminol groups, determined with the NEM from studies of Np(V) sorption on hematite
(Cromieres, 1996) and on gibbsite (Del Nero, 1998), respectively.

3.2 Influence of the Fe content of the synthetic gels
The pH-dependence of Np(V) sorption on ferrisilicate gels with atomic ratios of 3
and 10 are reported in Fig. 7 and 8, respectively, at different ionic strengths and intial Np
concentrations in solution. For both gels, increasing the Np(V) concentration from 10"' to
10" M has little or no influence on the percent of Np(V) sorbed.
Decreasing the ionic strength of the solution from 0.1 to 0.01 M enhances Np(V)
retention on both gels, particularly for pH values lower than 7. This may be partly due,
particularly for the gel with a ratio Si/Fe of 10 and at pH values lower than 5, to Na+ - NpOa+
exchange reactions on permanent charged sites originated from isomorphic Fe for Si
tetrahedral substitutions in the gel lattice, which are not fully compensated by iron hydroxy
species at this gel surface.

100

5 80 -I

ANp:0.0001 pM. I.S.:0.1 M
ANp:1 pM. I.S.:0.1 M
ONp:1 pM. I.S.: 0.01 M
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o

200
3 4 5 6 7 8 9
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Figure 7 : Percentage of Np(V) adsorbed at 298 K on 20 g/1
ferrisilicate gel with an atomic ratio of 10 g/L in CCVfree NaClO4 solutions,
reported as a function of pH (Np : initial Np(V) concentration, I.S. : ionic
strength).
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Figure 8 : Percentage of Np(V) adsorbed at 298 K on 20 g/L
ferrisilicate gel having an atomic ratio of 3 in CO2-free NaC104 solutions,
reported as a function of pH (Np : initial Np(V) concentration, I.S. : ionic
strength).

Comparison between Fig. 7 and Fig. 8 shows that an increase of the Fe content of
the gel induces a shift of Np(V) adsorption edges towards lower pH values, at a high ionic
strength. Such a trend is consistent with an increasing contribution of ferrinol surface sites to
Np(V) sorption, and with an higher affinity of neptunyl ions for ferrinol than for silanol
surface sites.

3.3 Np(V) sorption on the alteration gel
Fig. 9 shows that the retention of Np(V) on the alteration gel in 0.1 NaNC>3 solutions
is strongly pH-dependent. This suggests that NpC>2+ ions participate in the formation of
surface complexes with surface groups of the gel.
The sorption capacity of the alteration gel is higher than those of the synthetic
ferrisilicate or pure silica gels used in this study. Indeed, a comparison between Figs. 8, 9 and
10 shows that the position of the adsorption edge for the alteration gel is close to that obtained
for the ferrisilicate gel having a Si/Fe ratio of 3, although the solid concentrations used for
experiments are of 20 g/L and 4 g/L for the ferrisilicate and the alteration gel, respectively.
This may be due to a greater contribution of ferrinol groups (or of other kind of high-affinity
groups for Np(V)) to Np(V) adsorption for the alteration gel than for the ferrisilicate gels.
Increasing the initial Np(V) concentration from 1 (iM to 10 uM induces a lowering
of the Np(V) percent sorption on the alteration gel. This suggests that the retention of Np(V)
on the alteration gel results from the contribution of high-affinity and lower affinity surface
groups of the gel to Np sorption.
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Figure 9 : Percentage of Np(V) adsorbed at 298 K on 4 g/L
alteration gel in CO2-free 0.1 M NaNO-? solutions, reported as a
function of pH (Np : initial Np concentration).

4. Conclusions
Major findings of our study can be summarized as follows.
1. Under CC>2-free conditions, Np(V) sorption on pure silica gel is pH-dependent.
The surface concentration of Np(V) is proportional to the initial concentration of Np(V) in
v10
solution, within the Np concentration range 10"
- 10" M. The following surface
complexation reaction :
SOH+NpO^ir

with a p KNp value for the NEM of 5.2+0.2 (I.S.: 0.1 M) provides a reasonable description
of pH-dependent Np(V) sorption on the silica gel, under CC>2-free conditions. Such a binding
constant value, compared with those reported previously in litterature, suggests a lower
affinity of NpC>2+ ions for silanol than for ferrinol or aluminol surface sites of minerals.

2. Np(V) sorption on ferrisilicate gels is strongly pH-dependent.
Increasing the Fe content of the gel induces a shift of adsorption edges towards lower pH
values, due to a higher contribution of high-affinity ferrinol surface sites to Np(V) retention.
Decreasing the ionic strength from 0.1 to 0.01 M leads to an increase of Np(V) retention on
ferrisilicate gels for pH values lower than 7. This may be partly due, particularly for the gel
with a Si/Fe ratio equal to 10 at pH values lower than 5, to Na+ - NpC>2+ exchange reactions on
permanent charge sites originated from isomorphic Fe for Si tetrahedral subsitutions in the gel
lattice, which are not compensated by iron-hydroxy species at this gel surface.
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3. The alteration gel of an aluminoborosilicate glass is a strong scavenger for Np(V).
The sorption capacity of the alteration gel is higher than those of the synthetic ferrisilicate or
pure silica gels used in this study. The retention of NpC>2+ ions at gel surface is also strongly
pH-dependent at high ionic strength, which suggests that NpC>2+ ions participate in the
formation of surface complexes with surface groups of the gel. Increasing the initial Np(V)
concentration from 1 uM to 10 uM induces a lowering of the Np(V) percent sorption on the
alteration gel. This suggests that the retention of Np(V) on the alteration gel results from the
contribution of high-affinity and lower affinity surface groups of the gel to Np sorption.
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ABSTRACT
Mitsubishi Nuclear Fuel CoJLtd (MNF) has developed a new adsorbent, TANNDC (tread mark), which is
derived from a natural Wattle tannin, for the recovery of uranium, TRU and heavy metal elements in the liquid
waste. TANNTX has some advantages that handling is easier than that of standard LX- resin, and that the volume of
secondary waste is reduced by burning the used TANNIX.
We have replaced radioactive liquid waste treatment system in MNF from the conventional co- precipitation
process to adsorption one by using TANNIX. TANNIX was founded to be more effective for the recovery of Pu,
TRU, and hexavalent chromium Cr(VI) as well as Uranium.
INTRODUCTJON
MNF has been fabricating PWR fuels. At the fabrication step, ADU(Ammonium Di- Uranate) process has been
used for the re- conversion process from UF 6 to U 0 2 powder, which generated radioactive liquid waste containing
uranium.
In the conventional process, the water glass co- precipitation method had used in order to adopt the regulation of
liquid waste release leveL That process consisted of multi- handling steps and consunied much acid in order to
recover the uranium from co- precipitation and generated secondary solid waste composed of sodium silicate.
In order to eliminate these disadvantages, MNF has developed a new absorbent, TANNIX. TANNIX is able to
used easily like as LX- resin in the column, to recover the uranium directly by incineration without leaching process
and TANNIX is almost decomposed to CO 2 and H2O gases.
TANNIN CHARACTERISTICS
Tannin is well known as an astringent of persimmon and tea. It is usually extracted from seeds and leaves
containing polyhydroxyphenyl group and is soluble in water to shows acidity. It is utilized as black ink because it
produces black color precipitate with Fe3"1". Moreover, it is utilized as a material to tan the raw hides because it
transforms protein and gelatin into insoluble one in water.
Tannin reacts with uranium and heavy metals in liquid but it has not been utilized for adsorption and separation of
uranium and heavy metals in liquid waste, because those reaction products were soluble in water.
Only tannin fixed on fiber or PVA polymer has been used to remove lee in brewing industry in Japan. But the
adsorption ability of fixed tannin was law in comparison with original tannin and it is not easy to burn the used
tannin.
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MNF has researched how to make an insoluble tannin and how to improve its reaction ability to develop the
insoluble tannin, TANNIX by aosslinking the tannin with aldehyde. That is, the tannin was dissolved in an alkaline
solution and then, formaldehyde was added into the solution, that was heated at 8 0 ^ . The massive amount of
insoluble tannin was crushed and sieved to small particles.
CHARACTERISTICS AND ADSORPTION ABILITY OF TANNIX
The characteristics of TANNIX are shown in Table I . TANNIX has some excellent characteristics, such as its
stability in the wide range of pH and the high adsorption capacity of uranium.
TANNIX adsorption ability for uranium is more than 99%. In the equilibrium tests, it is found that the maximum
adsorption amount of uranium is 1.7gU per dry TANNIX. This suggests that more than 2000 times of TANNIX
volume can be treated in the case of waste water containing 680 ppb of uranium.
The relationship between uranium adsorption ratio and pH is shown in Fig.l. The column test of uranium is
shown in Fig2.
TANNIX has good adsorption ability not only uranium, but also other elements.
The absorption abilities of TANNIX for TRU elements etc, are shown in Table H. TANNIX has an excellent
ability for actinides and heavy metal elements except alkaline elements.

TABLE I

Characteristics of TANNIX

Resin Type
Size Range
Bulk density
Moisture Content
Max. operation Temperature
Operation pH Range
Max. Absorption Amount of U
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TABLE

H

Adsorption Ability of TANNIX for TRU Elements etc

Element

Distribution Coefficient
Kd(cm3/g)

Recovery Ratio

U
Np
Am
Cm
Pu
Pb
Cr
Co
Cs

9.38 XICP

99.5

4

4.05 X 1 0
5.77 X 1 0 4
4.97 X10

4

97.6
96.7
96.1

5.40 X 1 0 4
>9500

>99
>95

4.95 X 1 0 4

99.0

4

98.0

5.45 X10

117

31.9

Distribution coefficient (Kd) and Recovery ratio (R) are calculated by following equations
R(%) = ( C i - C e ) / C i X100
Kd(an3/g) = R/(R-100) X Va(cm3)/Wt (g)
herein, Ci and Ce are the initial and the equilibrium concentration and Va and Wt are the
volume of solution and the weight of TANNIX, respectively.
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AVANTAGE OF VOLUME REDUCTION
The volume reduction of TANNIX was examined by two methods, air drying and thermal decomposition of
TANNIX.
Fig. 3 shows the volume change of TANNIX by hot air drying. When TANNIX was charged in the column and
hot air was introduced into the column, the volume of TANNIX was reduced less than 20% of the initial one by
drying for 20 hrs, because 70 ~ 8 0 % of water was removed from TANNIX matrix.
As the granular TANNIX is not agglomerated each other, The discharge of the granular TANNIX from column
was easier than that of IX-resin.
Fig. 4 shows the pyrolysis curve obtained by thermal decomposition of TANNK.
The weight change of TANNIX was measured by a thermobalance. Weight of TANNIX decreased with
increasing.temperature. The remarkable reduction of weight was observed over 400 °C, and TANNIX was
decomposed completely at 500 °C.
The thermal decomposition of TANNIX adsorbing uranium was tested in air atmosphere at 750 "C for 3 hours.
The weight loss of TANNIX reached 98% of the initial one and more than 995% of residue was U , 0 o
The adhesion of remaining carbon in the uranium was less than 5 ppm per U base.
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INDUSTRIAL APPLICATION IN MNF
MNF has replaced the radioactive liquid waste treatment system from the conventional water glass coprecipitation process to the column process using TANNIX. The block flow diagrams of both processes is shown
in Fig. 5.
In the conventional process, the radioactive liquid generated in the re- conversion unit fed to the precipitation
vessel and mixed with water glass. The sludge (cake) is separated by filtration, the activity of remained liquid waste
is measured to confirm less than the limiting level and it is discharge to outside of facility. The cake treated in
multi- stages in order to recover uranium. This process has some disadvantages that the large amount of chemicals
are required for the recovery of uranium and that the large amount of secondary solid waste was formed.
In adsorption process using TANNIX, the radioactive liquid waste fed to TANNIX columns, most of uranium are
adsorbed by TANNIX. The activity of liquid waste is confirmed to be less than the limiting level and discharged.
The used TANNIX is dried in the column before discharging from column and the dried TANNIX is incinerated in
order to recover uranium material. The process is very simple. Any chemicals dont required and the secondary
solid wastes are not formed in this process.
The process data are shown in Table III.
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Fig. 5. Comparison of Water Glass Process and TANNIX Process
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TABLE IE Comparison between Water Glass and TANNK Process Data
Water Glass Process

TANNDC Process

Chemical Consumption
Water Glass
TANNDC
HN0 3
NH 4 0H

7,000 kg- NapSiCX,
Non
3,200kg- HNO3
1,300kg- NH4OH

Secondary Waste

3,400kg (7.0m3)

Non

380kg-U
>30%

380kg-U
<0.5%

Non
6,000kg-TANNIX
Non
Non

Recovered Uranium

u3o8

Amount of Impurities

APPLICATION FOR TRU ELEMENTS
Adsorption to recovery of Pu using TANNIX has been studied by Japan Nuclear Cycle Development Institute
(JNQ.
The batch and column test were carried out, the recovery of Pu was more than 99% and the decontamination
factor of Pu was 10 7 in the liquid waste treatments process of multistage columns.
Adsorption ability of TANNK for Am has been studied by JAERI, Fig.6 shows the result obtained for Am
in a recent investigation, which gives a logarithm plot of Am(IH) distribution coefficients as a function of nitric acid
concentration. Rg.7 shows the temperature dependency of distribution coefficient of Am(III) in 0.02M HNO 3
acid.
Temperature and pH dependencies of Am(III) are different from that of U, Pu and Np. These results show that
Am(III) can be separated effectively from other TRU elements by use of TANNDC
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APPLICATION FOR Cr(VI)
Removal of Cr(VI) has been studied using tannin gel particles at Tokyo Institute of Technology.
TablelV shows the relationship between the adsorption capacity of Cr(VI) and the water content of tannin gel
particles.
TablelV

Relationship between the adsorption capacity of Cr(VI)
and the water content of tannin gel particles

Water content

(%)

Adsorption capacity
(mg- Cr/g- dry tannin)

60

68

72

78

84

286

270

244

227

167

The adsorption capacity of Cr(VI) increased with decreasing the water content These adsorption capacities were
much higher than those obtained in conventional ion- exchange resin.

FUTURE
We are trying to improve both adsorption capacity and adsorption rate for heavy metal elements and TRU
elements by controlling the micro and macro structure of tannin gel particles.
The modified TANNK with different irucrostructure has been developed recently. It is confirmed that the
modified TANNK has high potential in adsorption capacity for rare earth elements as well as Cr(VI).
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Abstract
A thermodynamic speciation/sorption model is used to illustrate typical problems
encountered in the extrapolation of batch-type Kd values to repository conditions. For
different bentonite-groundwater systems, the composition of the corresponding equilibrium
solutions and the surface speciation of the bentonite is calculated by treating simultaneously
solution equilibria of soluble components of the bentonite as well as ion exchange and
acid/base reactions at the bentonite surface. Kd values for Cs, Ra, and Ni are calculated by
implementing the appropriate ion exchange and surface complexation equilibria in the
bentonite model. Based on this approach, hypothetical batch experiments are contrasted with
expected conditions in compacted backfill. For each of these scenarios, the variation of Kd
values as a function of groundwater composition is illustrated for Cs, Ra, and Ni. The
applicability of measured, batch-type Kd values to repository conditions is discussed.

Introduction
Like the disposal strategies of other countries, the Japanese concept for vitrified high-level
radioactive waste envisages the use of compacted bentonite as backfill material within the
framework of deep geological storage. The bentonite backfill may be the most effective and
predictable barrier on the entire migration path. Due to its critical importance, JNC attributes
high priority to the thorough understanding of the processes affecting radionuclide transport
in compacted bentonite. In particular, this includes sorption reactions which are of eminent
importance for the retention of radionuclides in bentonite.
For performance assessment, sorption of radionuclides is quantified through distribution
coefficients (Kd values) that may be used directly in performance assessment calculations.
Typically, Kd values relevant for performance assessment are selected based on compilations
of experimental sorption data (sorption databases) and critical judgment. Since Kd values are
conditional parameters, they should ideally be selected from experimental data that closely
correspond to the expected conditions in the backfill. However, Kd values are almost
exclusively determined in batch experiments at relatively low solid/water ratios due to the
experimental difficulties posed by compacted bentonite, and extrapolation to repository
conditions is often difficult.
The selection of Kd values for performance assessment can be supported effectively by
thermodynamic ('mechanistic') speciation/sorption models, which are flexible and powerful
tools that allow to calculate :
• The composition of bentonite porewaters, and the surface speciation of the bentonite.
This allows an evaluation of the influence of different types of groundwaters and
soluble impurities contained in a candidate bentonite, as well as of the degree of
compaction, on the solution and surface chemistry of bentonite pores.
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• The speciation of key elements in bentonite porewaters, which is important to identify
dominant sorption processes and major diffusing species.
• The sorption of major ions and radionuclides in bentonite pores as a function of
conditions such as groundwater composition, and bentonite density.
Modeling can be applied to (1) an evaluation of experimental sorption data obtained from
batch (or diffusion) measurements, and (2) the direct calculation of Kd values under expected
repository conditions. In particular the latter approach is a valuable tool, because it allows to
carry out sensitivity analyses with regard to the influence of expected chemical conditions on
radionuclide retention. The various ways to employ thermodynamic speciation/sorption
modeling as a supporting tool within the framework of Kd selection for performance analysis
are illustrated in Figure 1.

(1) calculation of the influence of:
•degree of compaction
•groundwater composition
•impurities in the bentonite
on:

(a) bentonite porewater composition
and surface speciation

(2) calculation of the influence on:

(b) radionuclide speciation
in bentonite porewater

(c) radionuclide speciation
on bentonite surface

7

(3) comparison with conditions
in batch experiments,
selection of batch Kd

(4) calculation ofKd> evaluation
of sensitivity on (1)

Figure 1: Overview of model applications to support the selection of Kd values for
performance assessment.
To illustrate the applications shown in Figure 1, ion exchange and surface complexation
constants for different radionuclides (Cs, Ra, Ni) are incorporated in a surface chemical
speciation model based on the bentonite model developed by [1, 2]. This model is used to:
• carry out a simple sensitivity analysis on the influence of the mineral and soluble
impurities contained in a crude Japanese bentonite (Kunigel-Vl) on porewater
composition,
-
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• calculate distribution coefficients for several radionuclides as a function of (i)
solid/water ratio or degree of compaction, and (ii) composition of the surrounding
groundwater (fresh vs. saline).

Methods
Modeling of bentonite porewaters and radionuclide speciation
The model used to investigate bentonite/water interactions is a surface chemical speciation
model that simultaneously addresses ion exchange and surface complexation reactions at the
bentonite surface, as well as all relevant solution equilibria [1, 2]. A summary of the model
parameters is provided in Table 1. Computations are performed with the aid of the computer
code MIN_SURF (updated to handle ion exchange using either the equivalent or mole
fraction approach), which is the PSI-version [3] of the computer code MINEQL [4], and the
corresponding thermodynamic database [5, 6] (for NiCO3°, a log K of 4 was used, cf [7]).
Activity coefficient corrections for solution species are carried out with the Davies equation.
For the present application, ion exchange equilibria of exchangeable cations on the structural
charge sites (layer sites) of bentonite are described using the equivalent fraction formalism,
acid/base reactions at the variable charge-edge sites of bentonite are modeled using a surface
complexation-diffuse double layer model (cf. e. g. [8]). Quartz, calcite, pyrite, and the
soluble impurities contained in the bentonite are allowed to dissolve according to their
solubility products.
Modeling of radionuclide sorption
Sorption of radionuclides is also modeled with the help of MIN__SURF through both ion
exchange and surface complexation reactions (see also discussions on the individual
elements). Cesium and radium are alkaline and alkaline earth elements, respectively, and are
expected to exist in solution mainly as Cs + and Ra 2+ (in a few systems, species such as
RaSO4° are also important; these do not interact with ion exchange sites). Both ions are
expected to interact with smectite surfaces only through ion exchange. For each ion, only
one ion exchange constant is defined, assuming a one-site, fully reversible process; details
are given in [9, 10]. As a transition element, Ni is assumed to adsorb onto bentonite both by
ion exchange and surface complexation [11]. Ion exchange takes place at the layer sites of
smectite and dominates adsorption at pH values below ~1, where the Ni 2+ ion is dominating;
whereas at higher pH values, where Ni 2+ starts to hydrolyze, surface complexation at edge
sites is important [11]. It is assumed, in the absence of other evidence, that ion exchange and
surface complexation are fully reversible, further details are given in [12]. In order to
evaluate the performance under different conditions, each sorption model has been tested
against a large variety of measured K^ values [9, 10, 12] before carrying out the calculations
presented here.
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Table 1:

Ion exchange and surface complexation constants of the bentonite model used.
Site densities are reported for Kunigel-Vl. Ion exchange and surface
complexation constants correspond to the equivalent fraction formalism and the
diffuse double layer model, respectively.
Species

log if0

Reference

Surface site master species:
20.00
ZNa
20.10
ZH
20.26
ZK
21.60
ZCs
40.46
Z2Mg
40.53
Z2Ca
40.53
Z2Sr
40.53 1
Z2Ra
40.55
Z2Ni
Surface site master species:
5.4
SOH2+
-6.7
so-4.03
SONi+

zby definition; [1]
[13]
[13]
[10]
[14]
[14]
[13]
[13] l
[12]
SOH
[2]
[2]
[12]

The ion exchange constant given in [13] for Sr2"1" is used for Ra?+, see [9].

Kd values describe the ratio of the concentration of the key element on the surface and the
concentration of the key element in solution, and are calculated as (e.g. for Ni):
stochiometric sum of surface species of Ni [mol/kg]
L

d

-

stochiometric sum of solution species of Ni \mol/m3

(1)

The concentration of each species is calculated with the computer code MIN_SURF. The
modeled Kd values are then calculated as (cf. Table 1 for surface species):

[m
where:

{}
[]

2+

(2)

[MCO 3 0
denotes the concentration in mol per kg solid [mol/kg]
denotes the concentration in mol per m3 solution [mol/m3].
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Bentonite characteristics
The bentonite used for the present evaluation is Kunigel-Vl, a crude Japanese bentonite. Its
composition and other relevant parameters are summarized in Table 2.
Table 2:

Composition and other specific parameters of Kunigel-V 1.
Kunigel-Vl

Parameter

Reference

Minerals:
smectite
quartz
feldspar
calcite
dolomite
zeolite
pyrite
Soluble impurities:
NaCl
CaSO 4

46 - 49 %
29 - 38 %
2.7 - 5.5 %
2.1-2.6%
2.0 - 3.8 %
3.0 - 3.5 %
0.5 - 0.7 %

[15]
[15]
[15]
[15]
[15]
[15]
[15]

0.001 %
0.38 %
0.004 %
KC1
Surface sites and cation exchange parameters:
SOH sites (mol/g)
2.84X10-5
CEC (meq/lOOg)
60.1
exchangeable Na+
85.3 %
+
exchangeable K
1.5%
exchangeable Mg 2+
2.3%
exchangeable Ca2+
10.9 %
Surface area:
layer sites, S layer
810m 2 /g
edge sites, S ^
3m 2 /g

[16]
[16]
[16]

1

[2] 1
[15]
[17]
[17]
[17]
[17]
[18]
[2]i

The SOH site density was obtained for pre-treated MX-80 Wyoming
bentonite with a total CEC of 108 meq/100 g; S^ was estimated.

Bentonite porewater composition and speciation
The composition of solutions in contact with Kunigel-Vl bentonite is calculated for two
scenarios that commonly are being considered when selecting Kd values for performance
assessment:
(1) A typical batch experiment using a bentonite/water ratio of 10 g/L.
(2) Bentonite under the conditions considered by JNC for the backfill of a HLW repository:
a 70% bentonite/30% sand mixture compacted to 1600 m3/kg.
Both scenarios are evaluated for input solutions representing fresh (FRHP) and saline
(SRHP) JNC reference groundwaters. In the case of compacted bentonite, the influence of
the soluble salts on porewater composition is evaluated by performing calculations with and
without accounting for the presence of these impurities. The resulting solution compositions
are given in Table 3, together with the composition of the respective input solutions.
-609
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There are some important points that can be extracted from the information given in Table 3.
If a fresh, low ionic strength groundwater is considered, the impurities contained in bentonite
are of critical importance for the composition of the solution in equilibrium with bentonite.
In an engineered barrier system consisting of compacted bentonite with impurities, there will
be no low-ionic strength pore solution. The reason is simply the dissolution of the soluble
salts; since the water content of bentonite is small at high degrees of compaction, even small
amounts of soluble salts will result in relatively concentrated pore solutions. If one assumes
that no soluble salts are present, the porewater composition will be comparable to the
composition of solutions equilibrated with small amounts of bentonite in a typical batch
experiment.
Table 3:

Simplified*, calculated composition of solutions of fresh (FRHPver.980420) and
saline (SRHPver.970508) JNC reference groundwater in contact with a
compacted (1600 kg/m3) 70% bentonite/30% sand mixture and 10 g/L bentonite
in a model batch experiment. The simplified* composition of the input
groundwaters is also given. All concentrations are given in mol/L.
input
groundwater

compacted bentonite
impurities
no impurities

fresh groundwater (FRHPver.980420)
Na
3.6E-03
1.4E-01
1.0E-03
6.2E-05
K
1.1E-04
8.2E-03
Ca
5.0E-05
1.1E-03
Mg
4.0E-05
2.0E-03
Cl
7.7E-05
7.7E-05
F
3.6E-03
5.9E-03
CO3
1.2E-04
7.7E-02
SO4
2.3E-09
1.0E-08

s(-n)

precipitates
calculated pH
8.46
7.20
calculated I
0.004
0.20
calculated pe
-4.63
-3.18
saline groundwater (SRHPver.970508)
Na
6.1E-01
5.8E-01
1.2E-02
K
5.2E-03
Ca
3.5E-04
3.5E-02
2.3E-04
5.8E-03
Mg
6.2E-01
6.2E-01
Cl
1.5E-04
F
1.5E-04
CO 3
1.2E-02
8.6E-03
SO4
2.3E-02
1.4E-09
2.4E-06
7.8E-08
s(-n)
calculated pH
7.98
6.38
0.63
0.70
calculated I
-5.06
calculated pe
-2.49

batch: lOg/L
impurities

1.4E-02
8.2E-05
1.9E-05
3.4E-06
4.0E-05
7.7E-05
8.6E-03
1.2E-04
1.0E-07
magnetite
9.02
0.012
-5.58

5.5E-03
6.0E-05
2.5E-05
2.5E-06
4.7E-05
7.7E-05
4.1E-03
4.0E-04
2.4E-09
magnetite
9.21
0.006
-5.51

5.5E-01
4.7E-03
2.4E-02
4.8E-03
6.2E-01
1.5E-04
9.0E-03
2.3E-10
6.9E-08
6.44
0.65
-3.36

6.1E-01
1.2E-02
5.1E-04
3.0E-04
6.2E-01
1.5E-04
1.1E-02
2.8E-04
2.4E-06
7.83
0.63
-4.42

A number of species (including dissolved Fe(II)- and Fe(III)-species) and solid phases that
are included in all calculations but have no direct influence on the speciation and sorption of
the radionuclides discussed in this paper are omitted for simplicity.
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A very different pattern is observed if the input solution is a high-ionic strength
groundwater, such as the saline SRHP. In this case, the contribution from the impurities of
the bentonite is small, at least in terms of ionic strength. However, the concentration of
individual ions that have a very low concentration in the groundwater (e. g. sulfate) still will
be determined by the interaction with the bentonite.
Note that the pH may also be strongly influenced by these mechanisms. In the present
bentonite model, the acid/base chemistry of the bentonite edge surface is described through a
surface chemical model that includes electrostatic effects. Therefore, high ionic strengths
automatically lead to lower pH values [8]. In addition, certain mineral equilibria can have a
profound influence on solution pH, as illustrated by the precipitation of magnetite in the case
of FRHP. The corresponding speciation of the cation exchange sites is given in Table 4. The
data for the FRHP system clearly show the preference of these sites for divalent over
monovalent cations. Note that in the model batch experiment with SRHP water, almost all
surface sites are occupied by Na. The speciation of Cs, Ra, and Ni as calculated for the
bentonite equilibrated solutions given in Table 3 is also shown in Table 4. The speciation of
Cs is straightforward; Cs exists exclusively as Cs+ ion in all solutions derived from FRHP
groundwater, whereas in solutions derived from SRHP groundwater, Cs exists partly as
CsCl0 complex or ion pair. The speciation of Ra is roughly similar, but Ra may form ion
pairs to a larger extend, especially with divalent anions (e. g. sulfate). The speciation of Ni is
more complex, since this element undergoes hydrolysis as well as complexation with
chloride, sulfate, and carbonate species. It must be pointed out that not all thermodynamic
data for Ni are well established, however.

Calculation and selection of Kj values
According to the scheme given in Figure 1, the information provided in the previous section
can, within the framework of performance assessment, be used to:
(1) Calculate Kd values directly, as described by equation (2).
(2) Evaluate batch-type Kd values that have been compiled in a JNC sorption database, with
regard to their representativeness for the expected repository conditions (compacted
bentonite, defined groundwater).
However, approach (1) is only possible in the case of elements where enough fundamental
sorption data exist to allow the extraction of thermodynamic (ion exchange and surface
complexation) constants. Unfortunately, this requirement is presently fulfilled only for a few
elements. For this reason, the following discussion attempts to address both of the above
approaches. It is shown how calculated Kd values given in Table 5 compare with measured
data. Kd values are calculated for the scenarios defined in Table 3, and, to provide an idea of
the model performance, also for systems that closely match selected experiments. It is
further discussed how the information provided in Tables 3 and 4 can help to select
experimental batch-type Kd values in terms of their suitability for performance assessment.
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Calculated speciation of Cs, Ra, and Ni, as well as the cation exchange sites of
the bentonite layer surface in the model solutions given in Table 3. The total
concentrations of the radionuclides is too small to have a notable influence on the
speciation of the layer surface.
species
FRHP groundwater
cesium
Cs +
CsCl0
Ra2+
RaCO3°
RaHCO3+
RaSO4°
nickel
Ni 2+
NiCO3°
NiOH+
Ni(OH)2°
NiSO4°
exchange sites NaX
CaX2
MgX2
KX
SRHP groundwater
cesium
Cs +
CsCl0
radium
Ra2+
RaCO3°
RaHCO3+
RaCl+
RaSO4°
nickel
Ni 2+
NiCO3°
NiOH+
NiSO4°
NiCl+
NiCl2°
exchange sites NaX
CaX2
MgX2
KX

radium

compacted bentonite
impurities
no impurities

batch: lOg/L
impurities

99.9 %
0.1%
45.8 %
—
1.1%
53%
45.6 %
0.4%
_
—
54%
74.2 %
22.6 %
2.3%
0.9%

100%
81.6%
11.6%
6.1%
0.7%
29.4 %
65.5 %
2.8%
2.1%
0.3%
82.1 %
14.6 %
2.4%
0.9%

78.1 %
21.9 %
78.8 %
—
1.7%
5.6%
14%

78.4 %
21.6 %
91.76 %
—
2.1%
6.2%
-

42.9 %
0.1%
—
7.9%
21.6 %
27.6 %
84.6%
12.3 %
1.7%
1.4%

47.4 %
0.1%
_
—
23.2 %
29.3 %

78.5 %
21.5 %
89.5 %
0.4%
- 3.9 %
6.0%
0.2%
46.2 %
3.1 %
0.2%
0.1%
22.4 %
28.0 %

86.0 %
10.8 %
1.9%
1.3%

96.3 %
0.2%
0.1%
3.4 %
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Cesium
Besides a large number of Kd values collected from the literature for a wide range of
bentonites (including Kunigel-Vl) and other clays, the JNC sorption database contains many
sorption data measured on Kunigel-Vl by [19]. For the present illustration, Kj values
obtained by [19] on Kunigel-Vl at bentonite/water ratios of 2 g/L and 20 g/L are considered;
values range from about 1.3 - 3.7 m3/kg 0.4 - 1.0 m3/kg, respectively, in the presence of
distilled (pre-equilibrated) water, and from about 0.03 - 0.045 irf/kg in the presence of
synthetic seawater.
Calculated Kj values for Cs in the batch and compacted systems are given in Table 5, a
direct comparison of calculated and measured Kj values is given in Table 6. The Kj value
calculated for the hypothetical batch experiment involving FRHP water is well within the
range of the data obtained by [19] in the presence of distilled water. As can be expected from
the ionic strength values calculated for the bentonite-equilibrated FRHP waters (Table 3), the
Kd value calculated for the compacted bentonite is lower, if the presence of soluble
impurities is accounted for. If not, the Kd value calculated for the compacted bentonite is
very similar to the one calculated for the batch system. This shows the importance of soluble
impurities if dilute input solutions have to be considered. It also shows that Kd values are not
dependent on the bentonite concentration, if the composition of the corresponding solution
phases is similar. Following the trend of the ionic strength values, all Kd values calculated
for the SRHP system are (i) nearly identical, and (ii) significantly smaller than the values
calculated for the FRHP system. Again, the agreement with the data obtained by [19] in the
presence of a saline input solution is very good.
If the direct calculation of Kd values were not possible, one could see from Table 4 that Cs
exists mainly as Cs + ion, whose sorption will be governed by ion exchange only. Therefore,
the most important factor that needs to be considered with regard to Cs sorption is the ionic
strength, or more specifically, the concentration of other ions that can compete for ion
exchange sites. In the present case, the concentration of Na+ is very high in comparison to all
other cations and dominates the ionic strength. Accordingly, data obtained by [19] in the
presence of saline water can be expected to be valid in compacted bentonite also, since
porewater chemistry is dominated by the saline groundwater. If a fresh groundwater is being
considered, a Kd value from a batch experiment with distilled water is only applicable to
compacted bentonite if the soluble impurities are neglected. If soluble impurities may be
present, they will dominate the porewater composition (cf. Table 3), and a batch Kd obtained
with a dilute input solution will not be applicable. If one would follow the trend of the Na +
concentration (or ionic strength values) of the FRHP-derived solutions given in Table 3,aKd
of about 2 m3/kg (approximate average) could be selected from the batch data of [19] and
then be reduced by a factor of about 25-30 (corresponding approximately to the change in
Na concentration and I), leading to a Kd of about 0.07 m3/kg. While this value is
significantly lower, it is still higher than the values obtained with a saline input solution, and
agrees well with the Kd obtained with the help of the present sorption model. Note that ionic
strengths or concentrations of single ions of different solutions can only be used in this
simplified fashion if the relative solution compositions are comparable.

Radium
For Ra, the JNC sorption data base contains a large number of data obtained by [20] for
Kunigel-Vl. For the present illustration, data at pH 7 and a solid/water ratio of 2 g/L are
considered; the input solution was distilled water or 0.1 M NaCl; the resulting solutions have
ionic strengths of 0.001 and 0.1 M, respectively, with Ca concentrations around 4E-4 M. Kd
values range from about 2.1 - 2.9 m3/kg with distilled water, and from about 0.17-021 m3/kg
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with 0.1 M NaCl as input solution. As Cs, Ra sorbs only through ion exchange, but exists
mainly as divalent Ra 2+ ion. Therefore, its sorption behavior is dominated by the
concentration of other divalent metal ions, which can compete for sorption sites more
effectively than the monovalent Na + . Accordingly, in addition to the ionic strength as a
indication of the overall ion concentration, one would need to consider the concentrations of
Ca2+ plus Mg 2+ in order to interpret the sorption behavior of Ra.
Calculated Kj values for Ra are given in Tables 5 and 6. The values calculated for the
hypothetical batch system and the compacted bentonite without any impurities agree well
with the findings of [20] in the presence of distilled water. Table 3 shows that these solutions
have slighly higher ionic strengths and low Ca concentrations. In comparison to the
hypothetical batch experiment, the Kd calculated for the compacted system with impurities
(Table 5) is reduced by a factor of 775. A comparison of the calculated solution composition
of these two systems (Table 3) shows that the corresponding increase of I is only by a factor
of 33, whereas the Ca + Mg concentration increases by a factor of about 350. This illustrates
the importance of competing divalent cations for the sorption of Ra. As was already
observed for Cs, the calculated Kd value for Ra does not vary between batch and compacted
systems in the presence of SRHP groundwater, due to the very high ('swamping') Na
concentration.

Table 5:

Calculated Kd values (m3/kg) of Cs, Ra, and Ni for compacted bentonite/sand
systems and for a model batch experiment using lOg/L bentonite. The
composition of the respective solutions and the corresponding radionuclide
speciation is provided in Tables 3 and 4. For the calculation of Kd values, only
the bentonite is accounted for.
element

compacted bentonite/sand
all impurities
calcite and pyrite

batch: lOg/L
all impurities

FRHP groundwater
0.13
Cs
Ra
0.008
0.031
Ni

1.4
2.4
73

2.2
6.2
230

SRHP groundwater
Cs
0.028
0.0010
Ra
Ni
0.0011

0.029
0.0013
0.0014

0.030
0.0013
0.20

Nickel
For Ni, the JNC sorption data base also contains some data obtained with Kunigel-Vl [21] in
the presence of 0.001 M and 0.1 M NaCl adjusted to different pH values. Since Ni
hydrolyzes and sorbs by ion exchange as well as surface complexation, Kd values are
influenced by many parameters and it is difficult to make generalizations. From the
speciation of Ni it can be seen that the formation of NiOH+ in solution is indicative of the
onset of surface complexation reactions, which can lead to very high (calculated) sorption of
Ni (Table 5). At lower pH values, distribution coefficients calculated for Ni are very similar
to the corresponding values for Ra. The direct comparison of measured and calculated values
is again given in Table 6. The simultaneous influence of (i) pH, (ii) ligands able to form
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complexes with Ni, and (iii) competing cations renders the extrapolation of batch-type Kd
values to repository conditions not a trivial task. The more complex the sorption behavior of
an element, the more important it becomes to match experimental conditions to the expected
conditions in a repository.

Table 6:

Comparison of calculated and measured Kd values of Cs, Ra, and Ni in batch
experiments by [19-21]. Measured Kd values are given in italics, p.e. = preequilibrated with Kunigel-Vl.
concentration Input water
Kunigel-Vl
20g/L
dist.
water p.e.
Seawater
2g/L

Kd (Cs) Kd (Ra) Kd (Ni)
[m3/kg]
1.76
0.4-1.0
0.031
0.033-0.045
5.2
2.1-2.9
0.05
0.17-0.21

dist.
O.lMNaCl

10g/L

0.001 MNaCl
O.lMNaCl
O.lMNaCl
1

Icalc.

8.8
n.r.

0.006

7.6
n.r.

0.61

7

0.001

71
7

0.1

71
0.5
0.27
0.71
3.162
0.031
0.07
0.1
0.8

0.001 M NaCl

pH

4.66
4.66 i
7.47
7.47 i
5.1

0.005
0.005
0.1

5.1 i
7.64

0.1

7.64 i

The pH values in these experiments have been adjusted by the addition of acid and
base, respectively. Calculations have been carried out assuming fixed pH values.

Conclusions
Thermodynamic speciation/sorption models can support the selection of Kd values for
performance assessment. They can be used to calculate (i) the porewater composition and
radionuclide speciation, and (ii) the sorption of major ions and radionuclides. The use of
speciation/sorption models as illustrated in this paper is very helpful in cases where Kd
values can be calculated. In such cases, uncertainties regarding e. g. the influence of the
soluble impurities in bentonite can be varied systematically, which is a very powerful tool
for finding relationships between Kd values obtained in different experimental systems. This
approach can also give a very good idea of the applicability of a batch-type Kd value to
repository conditions. Where the direct calculation of Kd values is not possible due to
lacking thermodynamic data, only the porewater and radionuclide speciation can be
modeled. This is still helpful, but the extrapolation of Kd values is not trivial in this case.
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For different bentonite-groundwater systems, the composition of the corresponding
equilibrium solutions, the surface speciation of the bentonite and Kj values for Cs, Ra, and
Ni were calculated for illustration. Calculated Kj values compare well with K^ values
measured in batch experiments. The sorption of Cs and Ra is governed by the competition
with other cations, mainly, Na, Ca and Mg, that are present in the solution. Kj values are,
therefore, reduced in saline groundwater and in presence of soluble impurities. Nickel
sorption is additionally influenced by complex formation with anions, e.g. carbonate or
sulfate, and the pH value of the solution.
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ABSTRACT
Adsorption behavior of cations onto granite was investigated. The distribution
coefficient (Kd) of Sr and Ba onto granite was determined in the solution of which pH
was ranged from 3.5 to 11.3 and ionic strength was set at 10" and 10" . The K<j values were
found to increase with increasing pH and with decreasing ionic strength. The obtained data
were successfully analyzed by applying an electrical double layer model. The optimum
parameter values of the double layer electrostatics and adsorption reactions were obtained,
and the mechanism of adsorption of cations onto granite was discussed. Feldspar was found
to play an important role in their adsorption.

INTRODUCTION
Understanding of radionuclide migration behavior is important for the safety
assessment of geologic disposal of radioactive wastes. Extensive studies have been
performed to obtain the data of adsorption of various radionuclides onto solids and rocks.
However, the experimental adsorption data are usually described by empirical means,
including distribution coefficients and isotherm equations. These empirical relationships and
parameters are highly dependent on the chemical conditions of the experimental system and
are considered unsatisfactory from a scientific point of view. A thorough and mechanistic
understanding of the adsorption-desorption reactions is needed for understanding and
predicting their role in the migration behavior of radionuclides [1,2].
There are many studies dealing with a solid-liquid interface by using an electrical
double layer model [3,4]. In the model, it is assumed that the adsorbent surface has specific
acid-base characters due to hydrolysis. This approach has been coupled with suitable
speciation models for chemical species in computer codes and has been successfully applied
to describe the equilibrium distributions of some radionuclides at a solid-liquid interface, e.g.,
between groundwater and mineral surface [5-7]. Because of its usefulness, the model may be
-
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applied to the other adsorption systems and improved as required [8].
In our previous study, the adsorption behavior of various cations onto quartz was
discussed [9]. The measured distribution coefficients and surface charge densities were
successfully analyzed by using the electrical double layer model, and optimum parameter
values were obtained. It was found that the parameter values for the electrostatic
capacitance and then the dielectric constant in the electrical double layer are much dependent
on the distance from the surface because of electrical saturation of water molecules near the
surface. Also, the intrinsic adsorption equilibrium constants of the adsorbate cations were
found to be simply related with the Coulomb potential differences resulting from their
adsorption.
The present study is an extension of our previous study and deals with the adsorption
behavior of various cations onto granite. Granite is noted as one of the bedrocks proposed
for a disposal site of radioactive wastes. In this study, the distribution coefficient of Sr
and Ba + onto granite was determined by a batch method, and the pH and ionic strength
dependencies of the obtained data were analyzed by the model of Davis et al. [3, 10].
Together with the results for Cs+ [11] and Am 3+ [12], the optimum parameter values of
double layer electrostatics and intrinsic adsorption equilibrium constants for Sr + and Ba +
were discussed for some details of the adsorption mechanism.

EXPERIMENTAL

Distribution coefficient (K<j) of Sr2+ and Ba 2+ onto granite was determined by a batch
method. The granite sample was a biotite granite obtained from Inada, Ibaraki, Japan
(Nichika Co). The granite sample was crushed to the mesh size of 32-60 and washed with
0.5 mol dm" HC1. The specific surface area was determined to be 0.11 m g" by a BET
method. In a polypropylene tube, 0.1 g of granite powder was added into 4.0 ml of NaClCvt
solution. The electrolyte concentration was set at 10" mol dm" or 10" mol dm" . The
initial concentration of Sr + or Ba + in the solution was 2.0x10" mol dm" . The pH of the
solution was adjusted by either HCIO4 or NaOH. The sample was gently contacted with
shaking for 7 days at 24±3 °C to attain adsorption equilibrium. After centrifugation at 3,000
rpm for 10 min, the pH values were determined by using a pH meter, HM-30V (TOA
Electronics Co.), and the concentration of Sr + or Ba + in the solution was measured by
inductively coupled plasma atomic emission spectroscopy, ICPS-1000TR (Shimadzu Co.).
The experiments were performed in a glove box filled with argon to avoid the contamination
and complexation by carbonate.

RESULTS AND DISCUSSION
Distribution Coefficient
The IQ (ml g" ) value was calculated by the following equation
-
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([M z + ] 0 -[M z + ] f )V

(1)

[M 2+ ] f W

where [Mz+]o (mol dm"3) and [Mz+]f (mol dm'3) denote the concentrations of the adsorbate
ion before and after equilibration, respectively, V (ml) the volume of the solutions and W (g)
the weight of the dried granite sample.
The obtained K<j values of Sr + and Ba + are shown as a function of pH in Figures 1
and 2, respectively. As seen in these figures, the Kd values increase with increasing pH and
with decreasing ionic strength of the electrolyte solution.
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Fig. 1 Distribution coefficient of Sr onto granite.
Marks are experimental and curves represent
the least-squares fit of the experimental data
to the electrical double layer model.

Fig. 2 Distribution coefficient of Ba + onto granite.
Marks are experimental and curves represent
the least-squares fit of the experimental data
to the electircal double layer model.

Electrical Double Layer Model
Granite is composed of many mineral components, and different kinds of adsorption
sites are expected to be present at the surface of granite. In the present study, however, any
adsorption sites in the mineral components are represented by SOH for simplicity. The
hydroxylated surface is mainly responsible for the surface charge as
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SOH + H s
SO"+ H s +

SOH2
SOH

(2)
(3)

where S denotes the metal ions at the mineral surface, K a i' n , K a 2 int are the intrinsic acidity
constants of reactions (2) and (3), respectively, and the subscript s denotes the surface. In
the present study, the adsorption of anions is assumed to be negligibly small in the case of
mineral components of granite considering that the points of zero charge are around 2 - 4 [13,
14]. Similarly to the case of quartz [14], the adsorption data of cations onto granite are
analyzed by the electrical double layer model of Davis et al. [3, 10]
In their model, it is assumed that the adsorbent surface has specific acid-base
characteristics, and that the adsorbate ion is subject to the double layer electrostatics. In
addition to the diffuse layer, the compact Stern layer is composed of an inner layer and an
outer layer with their own electrostatic capacitances, Q and C2, respectively. Together with
reaction (3), the following surface reactions for cations (Mz+) is considered in the present
study :

SO'+Mp

SO"-Na+
Z+
SO"-Mr

z+

(4)
(5)

where the subscript p denotes the plane of counter ions closest to the surface, i.e., the
Helmholtz plane. Reactions (4) and (5) may compete with each other in equilibrium at the
present system. Equations used in the analysis are thus given as follows [9]:

K int_
K int_
Na

K[ n ;=

[SOH]

(6)

exp

[SO'-Na + ]
[SO][Na + ] b

(7)
(8)

[SO][M z+ ]
*Z+1

N s = B([SOH]+[SO']+[SO"-Na ]+[SO"-M'])
os=-B([SO"]+[SO"-Na+]+[SO'-Mz+])
op = B([SO"-Na+]+ z[SO"-Mz+])
i—
(etyd
o d (Na) = -0.1174Vc sinh
^
(2kT
z+
+
o d (M) = (z [M ]b / [Na ]b) od(Na)
os + op + od(Na) + o d (M) = 0

(13)
(14)
(15)
(16)
(17)

IC2
= 10"
" FV/S 0 W
Kd=10 S0x

(11)
(12)

33

3

(9)
(10)

B[SO-M z + ] + a d (M)

(18)

N A e[M z+ ] b
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where KNa'nt and KM'" 1 are the intrinsic constants of local equilibrium reactions (4) and (5),
respectively, z the number of charge, e the electronic charge (1.60xl0~19 C), r|> the variable
electrostatic potential in the double layer, k the Boltzmann constant (1.38xlO' 23 J K"1), T
the absolute temperature (K), N s the surface site density (C m~ ), o the charge density (C
m" ), c the electrolyte concentration (M), B the conversion factor from mol dm" to C m" , F
the Faraday constant (9.65 xlO4 C mol"1), V the liquid volume (m3), So the surface area (m
g" ), NA the Avogadro number (6.02x10 mol" ), and the subscripts b and d denote the bulk
and the diffuse layer, respectively. For the variable electrostatic potential in the electrical
double layer, the concentration of each species X in the layer can be related to its bulk
solution concentration by the Boltzmann factor as given by [X]; = [X]b exp (-ze^ / kT),
where i=s, p or d. The K<j value which is experimentally determined are obtained by
equation (18) from the surface charge density.
Not only the ions existing in the compact Stern layer but also those in the diffuse layer
should be regarded as adsorbed ions as observed for Na+ ions [15]. The contribution of M z+
in the difiuse layer is thus assumed to be expressed by equation (13) [9]. In the present
case, however, the contribution of the adsorbate ions in the diffuse layer to the measured
distribution coefficient has been found to be negligibly small since the concentration ratio of
[M z ]/[Na ] in the diffuse layer is as small as that in the bulk solution. Only the
contribution of the adsorbate ions in the compact Stern layer is important in the present
analysis.
Obtained Parameter Values
In the model, a number of parameters are contained in the equations. Those are N s ,
K a 2 , Ci, C2, KNa'nt and KM'" 1 . Some of the parameters may be considered to compete
with each other, and it is necessary to reduce the number of free parameters for a proper
convergence. In the analysis, the surface site density of 5 sites ran" for silica [16] was
assumed because of the lack of data for other mineral components, and the C2 value of 0.20
F m" was also assumed which was used in several literatures [1-4, 17-19]. In the previous
study of Am +, the surface area So was treated as one of free parameters and found to be
almost the same as the value of 0.11 m s" measured by a BET method [12]. Then the
surface area So was set at 0.11 m s" in the present analysis. The intrinsic acidity constant,
K a 2 int , was derived from the titration data for quartz (log K a2 ' nt = -6.57), microcline as a
representative of feldspars (-2.12) and biotite (-11.9) [11].
The obtained parameter values are summarized in Table 1, where the x value denotes
a variance between the experimental and calculated values. In the analysis of the data for
granite, only the calculation using K a 2 int = -2.12 has properly converged for the analysis of
Cs+, Sr2+ and Ba 2+ , and the K a2 ' nt = -3.6 ± 0.6 was obtained in the analysis of Am 3+ [12]. It
follows that these ions may be mainly adsorbed onto feldspar of granite.
The results of the least squares fittings of the experimental data are shown as curves in
Figures 1 and 2. It can be seen that the pH and ionic strength dependencies of the
experimental data are reasonably described by the model.
int
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Table 1 Optimum parameter values derived from the least-squares fit of the Kj values of Cs+,
Sr2+, Ba 2+ and Am 3+ for granite to the electrical double layer model.

adsorbate ions

Cs +1 >

Sr2+

Ba2+

Am 3 + 2 '

C, (F m' 2 )

0.19 ±0.01

2.43 ± 0.49

2.64 ± 0.81

0.06 ± 0.03

1)
2)
3)

3

3

logK^

-2.12 >

-2.12 )

-2.12 «

-3.6 ± 0.6

log K N ^

0.72 ±0.16

-0.21 ±0.29

-0.96 ± 0.54

-0.6

logK,/*

5.41 ±0.15

0.23 ± 0.59

0.78 ±1.11

4.8 ± 1.0

x2

0.108

0.390

0.284

1.21

The data in Ref. [11] were reanalyzed by using the SovalueofO.il m2 g"1.
Ref. [12].
The Ka2Ult value of 10'2- *2 determined for the Na+ adsorption onto microcline was used in the
analysis [11]. See text for details.

There are some differences between the experimental and calculated values at higher
pH values. Around pH 10, the calculated values show some saturation behaviors possibly
because of saturated surface charge density of feldspars while the experimental values still
increase. This difference may be explained by considering additional contribution of biotite
of which the content is expected to be a few percent in the granite [20]. The K a 2 int of biotite
119

is known to be 10" ' , and then its surface charge density increases in this pH region. For
more detailed analysis, such a two-site model may be required.
Relationship between the Electrostatic Capacitance and Dielectric Constant
The electrostatic capacitance Q per unit area (F m" ) is given as
Ci=eOei/di,

(19)

where di (m) denotes the distance between the adsorbent surface and the Helmholtz plane,
eo the vacuum permittivity (8.854x10" F m" ) and ei the relative dielectric constant. As
shown in Figure 3, the ei values have been evaluated by taking the Stokes radii for di in our
previous study [9]. It was found that the ej values decrease with decreasing distance from
the surface because of the electrical saturation of water molecules near the surface as
suggested by Grahame [21]. A similar situation is found to hold for the presently obtained
E 1 values in the case of Sr and Ba for granite. Then it is considered that these cations are
adsorbed onto the mineral surface in the form of fully hydrated ions.
In the case of Cs and Am of which the concentrations are much lower than those of
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Na+ as an ionic strength controlling agent, on the other hand, the obtained E I values are found
to be much smaller than those for Sr2+ and Ba 2+ . Following our previous study [9], a
possible explanation may be given by considering very low concentration of adsorbate
cations and by considering the effect of heterogeneous surface structures on the ei values.
There may be a variety of the surface structures resulting in different ej values and some of
the surface structures may be very effective for adsorption with smaller ej values. In the
case of the Kd determination, the concentration of the adsorbate cations of interest is usually
much lower than that of Na + and the adsorbate ions are preferably adsorbed on the surface of
smaller e i values.
Intrinsic Adsorption Equilibrium Constants
In our previous study [9], the log KM'"* values were found to be related with the
difference in the Coulomb potentials, AEc, between the adsorbate ions at the Helmholtz
plane and those at the start of the diffuse layer, which is given by
^ e

AE
c

2

aZ M e 2 _ aZ M e 2

eo^d, " eoe'd'

aZ M e 2

C.d, " Cd1

'

where a denotes a constant, ZM the valence of the adsorbate ions, C (F m' 2 ) and d1 (m) the
capacitance and the distance between the surface and the start of the diffuse layer,
respectively. Considering that the compact Stern layer is composed of an inner layer and an
outer layer with their own electrostatic capacitances, Ci and C2, respectively, the C and d'
values are obtained by

d1 = di + d2
d2 = e0 e2 / C2 ,

(22)
(23)

where d2 (m) and e2 denote the distance and relative dielectric constant between the
Helmholtz plane and the start of the diffuse layer, respectively. In the calculation, the e2
value is assumed to be of water, that is 78.5.
Figure 4 shows the log KM'" 1 values as a function of AE^. AS shown by dashed line, a
simple relationship may be found not only for quartz but also for feldspar in granite. Thus
it is concluded that no particular difference exists in the adsorption mechanisms between
both adsorbents. This kind of relationship is useful not only for checking the experimental
data but also for predicting the unknown values since the AEc values are estimated from the
Stokes radii and the Ci values which are easily obtained from the EI values following such a
relationship shown in Figure 3.
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100

Fig. 3

Relative dielectric constant £j as a function of the distance di between the mineral
surface and the center of cations. Marks are the analytical data of titration experiment for
quartz ( A ) , of Kj measurement for quartz ( • ) and of Kj meausrement for granite ( • ) .
Dashed curve represents the relative dielectric constant of water as a function of di [21].
The crystal ionic radius of Cs + (1.67xlCr10 m) is used for di instead of the Stokes
radius (1.16xl0- 10 m).
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Fig. 4

Intrinsic adsorption equilibrium constant K M t e for quartz as a function of the potential
difference AE^. Marks are the analytical data of titration for quartz ( A ) , of Kj
measurement for quartz (A.) and of K<j measurement for granite ( • ) . See text for detail.
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CONCLUSIONS
Distribution coefficient of cations onto granite was found to increase with increasing
pH and with decreasing ionic strength. An electrical double layer model was applied to the
analysis of the experimental data, and optimum parameter values were obtained. From the
analysis, feldspar was found to play an important role in the adsorption up to pH 10, and
biotite to additionally contribute above pH 10. Similarly to the case of quartz, it was found
that the parameter values for the electrostatic capacitance and then the dielectric constant in
the electrical double layer are much dependent on the distance from the surface because of
electrical saturation of water molecules near the surface. Also, the intrinsic adsorption
equilibrium constants of the adsorbate cations were found to be simply related with the
Coulomb potential differences resulting from their adsorption. Comparing feldspar with
quartz, no particular difference was found in the adsorption mechanisms.
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Introduction
Groundwater colloids which adsorb ions play an important role in actinide migration from
the viewpoint of the performance assessment of radioactive waste disposal. The colloids act as a
third phase which is neither liquid nor solid phase. This phase can increase the amount of
actinides that can migrate in a natural aquifer system (1). It was also pointed out that colloidal
particles will generally travel at slightly higher velocities than the advecting fluid medium,
known as hydrodynamic chromatography (2, 3). On the other hand, colloid transport can be
retarded due to the filtration effect, and it is indispensable to model the filtration behavior of
colloids (1). Saltelli et al. (4) studied filtration effect on migration of polydispersed colloids in
porous media. They applied modified version of the filtration equations to describe their
experimental results. Although their model shows good agreement, it has the problem of
obtaining the parameters which were optimized in their simulation (5). Hwang et al. (6)
described a mathematical model of colloids and solute considering colloid filtration in fractured
porous media. In this model, the mechanism of the filtration was not described. Since colloids
behave quite differently from dissolved species, much attention should be focused on the
migration of colloids, especially on the mechanism of the deposition behavior of colloids onto
solid surface.
The mechanisms of the filtration have been investigated on subjects such as water treatment
or transport of colloidal contaminants in groundwater. In the case of colloid transport in porous
media, colloidal particles, which are very small relative to the porous media grain (collector)
size, are retained only if attractive forces dominate when the particles collide with the collector
(7). This phenomenon is termed deposition. Deposition is the process whereby particles are
transported to a solid collector surface, where they become attached. The overall deposition
process is divided into two sequential steps: transport and attachment (8). The transport step is a
particle transport process from bulk fluid to the vicinity of a solid collector surface which can be
quantitatively described by convective-diffusion and trajectory equations. The attachment step is
controlled by the chemical characteristics of the particle and the surface and by the solution
chemistry. Whether the transported particle is attached or not depends on the interactions
between the particle and the collector surface which operate at short distances of separation
(usually several tens of nanometers). The interactions are the van der Waals and electrical
double layer interactions which form the basis of the Derjaguin-Landau (9) and VerweyOverbeek (10) (DLVO) theory of colloid stability.
The behavior of the colloid deposition onto solid collector surface can be observed by
conducting column experiments. The results are presented as particle breakthrough curves
(BTCs). The effluent concentration of particles, C, as a function of time or effluent volume, is
presented as a fraction of the influent concentration, C o , in the BTCs. Because of the difference
of retention mechanisms, the shape of a colloid BTC is quite different from that of a solute BTC.
For example, a colloid BTC could have tailing or plateau which can not be seen in a solute
BTC.
Flow field has significant effect on the colloid deposition behavior in filtration process,
however, there is not much data available in the literature. Although the effect was investigated
through column experiments with pulse input of colloid solutions (11), such studies with step
input have not been conducted enough. A study on the effect of deposited particles by
conducting sequential runs with back wash process would give us some information about the
deposition behavior, however, such studies also have not been performed enough.
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The purpose of the present paper is to investigate the effect of flow field on the deposition and
the effect of deposited particles on the sequential deposition. We carried out column and batch
experiments to observe the effect of flow field and performed column experiments with back
wash process to study the effect of deposited particles.

Experimental
Materials
Spherical soda lime glass beads (Toshin Riko) with diameter of 0.35-0.40 mm were used as
collectors in column and batch experiments. The glass beads were cleaned by soaking for 30
minutes in an ultrasonic bath with distilled deionized water (Barnstead; Fistreem II, E-pure)
and acidic solution (1 M HNO3 or 0.3 M HC1), then rinsed with distilled deionized water
repeatedly, and dried in an oven at 60 °C. Distilled deionized water was used for preparing the
all solutions used in this work.
In the column experiments with varying the ionic strength, monodispersed suspension of
polystyrene latex particles having mean diameter of 102 nm (Seradyn Inc.) was used as model
colloid in column and batch experiments. The particles contain surface functional groups of
sulfate (SO4), and the density, as reported by the manufacturer, is 1.05 g/mL. Aqueous
suspensions of latex particles (10 mg/L) were used in column and batch experiments. The ionic
strength / in the suspensions was adjusted by the addition of NaNO3. The concentrations of
NaNO3 were 0 M, 10"3 M, 10"2 M and 10"' M. In the column experiments with varying the flow
rate, the suspension with concentration of 5 mg/L was used. The ionic strength of the
suspension was adjusted as 7=10"4M by the addition of KC1.

Column Experiments
In the column experiments with varying the ionic strength, exactly 6.05 g of the prepared
dry glass beads was wet packed with distilled deionized water in a cylindrical Teflon column of
50 mm length and 10 mm inner diameter, before each run. This procedure resulted in a
saturated column with porosity of 0.384, based on a glass beads density of 2.5 g/cm3. A low
flow rate plunger pump (Nihon Seimitsu Kagaku; NP-FX series) was used in feeding solutions
into a column. The pH value of effluent passing through a glass beads packed column is
initially larger than that of influent. This increase in the pH is caused by the contact of the fed
solution with the glass beads. It has been postulated that the soda lime glass surface consume
protons from the solution while releasing sodium ions (12). To minimize the changes in the pH
of the effluent during column experiments, particle-free solution was fed into the column at the
same flow rate as that used in the following experiment, before feeding the colloid suspension.
Following the preparation of the column, an aqueous suspension of latex particles was
pumped through the vertical column at the constant upward flow rate of 1.025 ±0.045 mL/rnin.
Particle concentrations in the effluent leaving from the columns were continuously monitored
with a UV-VIS spectrophotometer (Shimadzu; UV-1200) equipping a flow-through quartz cell
at wavelength of 260 nm. Prior to the column experiments, reproducibility of the characteristics
of the columns was checked on several runs by feeding 0.3 M CoCl2 solution as a conservative
tracer, which flows at the same velocity as that of advective fluid. We had previously checked
that CoCl2 does not sorb on the glass beads used in this work by batch experiment. CoCl2
concentration was determined by using the same spectrophotometer at wavelength of 510 nm.
A column was prepared for every single run, except for experiments on the effect of back
wash process. In the back wash experiments, after finishing the first run at 7=10"' M, the
column used was back washed by pure 10"1 M NaNO3 solution at relatively high flow rate
(several times higher than the breakthrough runs) to remove the latex particles retained in the
column. After confirming that the latex particle concentration in the effluent dropped to zero, the
second run at 7=10"' M was performed.
In the column experiments with varying the flow rate, exactly 11.98 g of the prepared dry
glass beads was wet packed with distilled deionized water in a column of 100 mm length and 10
mm inner diameter. This procedure resulted in a saturated column with porosity of 0.390. The
suspension of latex particles was pumped through the column at the flow rate of 0.935 ±0.012
and 0.468 ±0.003 mL/min. Particle concentrations in the effluent leaving from the column were
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continuously monitored with the UV-VIS spectrophotometer at wavelength of 228 nm. 0.3 M
CoCl2 solution was fed at the flow rate of 0.986+0.020 mL/min and 0.404 mL/rnin.
All column experiments were conducted at room temperature (21±3°C) under aerobic
conditions.

Batch Experiments
Exactly 5.00 g of prepared glass beads were weighed into centrifuge tubes, and then the
tubes containing the glass beads were weighed. The glass beads in the tubes were washed with
distilled deionized water 15-20 times until there was no further increase in pH of the water. The
water was carefully drained without loss of the glass beads. The tubes containing the glass
beads and remaining water were weighed again. The amounts of the remaining water were
determined from the obtained total weights of the tubes before and after washing the glass beads.
The same amount of distilled deionized water as the remaining water was weighed into
centrifuge tubes for blank samples. These procedures were conducted to minimize the effects of
changes in pH of liquid phases.
5.00 mL of aqueous suspensions were put into the tubes, and the tubes were shaken by
hand moderately for 1 minute. Particle concentrations in the liquid phase were obtained with a
UV-VIS spectrophotometer (Hitachi; U-3300) at wavelength of 260 nm. Measurements were
made in quartz cells of 1.0 cm path length. All runs were conducted at room temperature (20+
2°C) under aerobic conditions.

Results and Discussion
Distribution Coefficient
The distribution coefficient Kd (mL/g) was obtained from the results of column and batch
experiments in three ways: batch method, fitting method, and integration method to find out
characteristics of colloid deposition during its transport process in a porous media. BTCs in the
column experiments with varying the ionic strength are presented in Fig. 1. The dependence of
ionic strength on particle deposition can be clearly seen in this figure. For higher ionic strength,
the particle deposition onto glass bead surfaces increased. This is often ascribed to reduced
electrical double layer forces between particles and glass beads caused by compression of the
layer (8). Kd was obtained by fitting and integration method with the results of the column
experiments. In the fitting method, Kd was obtained by fitting the column experiment data to the
analytical solution of the convective-diffusion equation. In the integration method, the
retardation factor R of each run was calculated from the results of column experiments (13, 14).
R was obtained by numerical integration of the area between the BTC and a horizontal line of
C/C0=l. Since the retardation factor R is related to Kd, porosity £ , and the collector density p ,
and described as R = l+Kd p(l- e) It, Kd was obtained from this equation. In the batch
method, Kd was obtained as a ratio of amount of particles deposited on collector surfaces to that
in the liquid phase. Kd obtained by the three methods are presented in Fig. 2. The results
indicate that all KA increased with the ionic strength, which is again ascribed to the compression
of the diffuse electrical double layer. Kd obtained by fitting method and those obtained by
integration method were different. This difference can be explained as follows. In the fitting
method, some errors may be included in fitting of dispersivity of particles. The integration
method is valid for a phenomenon which has a linear relation between concentration and amount
of deposition (sigmoidal BTC). In the column experiments, this condition was not realized,
resulting in including some errors. Nevertheless, it should be noted that the values obtained
from the batch method were smaller than those obtained by the other two methods in which
column experiment data were utilized. This implies that the existence of flow field increased the
extent of deposition.
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Effect of flow velocity
Figure 3 illustrates the BTCs obtained in the column experiments with varying the flow rate.
White and black plots designate the C/Co for colloid solutions and tracer suspensions,
respectively. It is seen that both of the colloid BTCs have three different stages of deposition
behavior, characterized by difference in the rate of the C/Co. For example, in the BTC
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Figure 3. Breakthrough curves with different flow rates.
designated by white circles (0.935 mL/min), the three stages are seen as follows. The BTC
behaved similarly to the tracer BTC until the C/Co increased to about 0.32 (the first stage).
Then the BTC parted from the tracer BTC and the C/Co increased to about 0.96 at the effluent
volume of 34 mL (the second stage). The C / Co increased very slowly after the effluent volume
exceeded about 34 mL (the third stage). For the later discussion, the C/Co is regarded to be
apparently constant in the third stage.
To describe the colloid deposition behavior, it would be reasonable to consider that there are
strong and weak deposition sites on the collector surfaces. Since the particles and the collectors
are similarly charged, most area of the collector surfaces are weak deposition sites. Strong
deposition sites, however, could exist because of the surface charge heterogeneity of collectors
(15) as an example, although these sites are small fraction of the collector surfaces. In the first
stage, the rate of C/Co of the colloid BTCs were identical with the tracer BTCs. This fact
shows that the particles which did not interact with collectors passed through the column
simultaneously with bulk fluid. Some fraction of the particles, however, could be retained
because of the deposition mainly onto the strong deposition sites. As a result, each colloid BTC
showed a bent point where it parts from the tracer BTC. The C / Co at the bent point reflects the
extent of initial particle removal by "clean" collectors which are devoid of deposited particles on
them.
In the second stage, the rapid increase in the C/Co is attributed to the filling process of
strong deposition sites which are small fraction of the collector surfaces. The theoretical models
exist which describes the rate of the increase in the C/CQ considering the surface charge
heterogeneity of collectors (15) or the effect of exclusion of subsequent particles by the
repulsive interactions between deposited particles and suspended particles (16). Although the
models explain these effects on the deposition behavior, there are some factors which are not
included in these models. In the present work, it would be not advisable to discuss the
deposition behavior in the second stage which contains many unknowns. Further description
for the second stage is beyond the scope of the present work.
In the third stage, the C / Co increased very slowly. It is attributed to the filling process of
weak deposition sites after the strong deposition sites have been filled with particles. These
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weak deposition sites are large fraction of the collector surfaces, and the small fraction of the
particles can deposit onto these sites. For this reason, it would be possible to regard the particle
removal behavior as apparently steady state and uniform longitudinally through the column in
this stage.
The amount of deposited particles can be estimated by calculating the area between tracer
BTC and colloid BTC. From the results in Fig. 3, the amounts of deposited particles for both
flow rates until the beginning of the third stage (until 34 mL for 0.935 mL/min and 46 mL for
0.468 mL/min) were calculated. The results show that the amount for 0.468 mL/min was 2.42
times as large as for 0.935 mL/min. The fact indicates larger amount of deposited particles until
the beginning of the third stage for lower flow velocity. It is not obvious, however, whether the
fact has consistency with the result of comparison between batch and column experiments. The
effect of the flow velocity on colloid deposition should be investigated further.

Effect of Deposited Particles
Figures 4 shows the BTCs for the first and the second runs (before and after back wash
process) at 7=10"' M. The back wash process between these runs was conducted by feeding the
particle-free solutions at relatively high flow rate (several times higher than the runs). The value
of C/Co at one pore volume of effluent for the second run was larger than that of the first run,
because of the deposited particles remaining on the glass beads. It should be also noted that the
value of C/Co of the second run at one pore volume of effluent was lower than that at the end of
the first run. The lower value of C/Co indicates higher removal efficiency. The increase in
removal efficiency can be ascribed to detachment of the deposited particles by which deposition
sites on the collector surface are increased.
To certify whether the deposited latex particles remained on glass beads or not, we observed
surfaces of glass beads by SEM after back wash process. This observation revealed the
existence of deposited particles remaining after back wash process although the number of
particles deposited decreased after back wash process. These particles were inclined to be
observed at cavernous sites on the glass beads. This inclination indicates that surface roughness
of the collector and maybe heterogeneity of surface charge of the collector also cause difference
in magnitude of the surface force between the particle and the collector.
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Figure 4. Breakthrough curves with different column lengths and flow rates.
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Conclusions
We investigated the deposition behavior in colloid transport through porous media by
conducting column experiments and batch experiments using polystyrene latex particles and
spherical glass beads. The conclusions of the present work are summarized below.
1. The comparison between the results of the batch and the column experiments indicated that
the deposition was enhanced in the column experiments compared with the batch experiments
due to particles trapped by the effect of flow field.
2. Colloid BTCs showed three different stages of deposition which can be characterized by the
different rate of the change in the C/Co. Three stages can be explained by the existence of
large area of weak deposition sites and small area of strong deposition sites on the collector
surfaces.
3. The amount of deposited particles until the beginning of the third stage was larger for lower
flow velocity.
4. The results of the column experiments revealed that breakthrough behavior of colloidal
particles of the second run after back wash process is affected by remaining particles on
collector surfaces.
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Abstract
The sorption of neptunium on magnetite, hematite and biotite in 0.05, 0.1 and 0.2 M
NaNO3 was investigated at 25 °C for pH values between 1 and 8. The pH dependence of the
sorption was different amongthree Np-iron-containing mineral systems. However, there were
no or a little (biotite) dependence of sorption on ionic strength. After the sorption experiment,
desorption experiments, with water of which pH was adjusted to corresponding value, 1M
KC1 and 0.1M potassium oxalate were also carried out to investigate the Np sorption form.
The Np sorbed loosely can be desorbed by water and the Np sorbed as an exchangeable ion
can be desorbed by KC1 while the Np sorbed on non-crystalline part of iron-containing
mineral by K2C2O4. The remaining Np amount, that could not be extracted by water, 1M KC1
and 0.1M K2C2O4, is considered to be sorbed on the crystalline part of iron-containing
minerals. It was found that for magnetite 50% of sorbed Np were sorbed by ion exchange and
25% were sorbed on the crystalline part, and that for biotite 35% of Np were sorbed by ion
exchange and 30% were sorbed on the crystalline part. The sorption on crystalline part was a
dominant mechanism together with ion exchange in magnetite and biotite systems. For
hematite system, the sorption mechanism was different blow and above around pH 6. Ion
exchange was dominant mechanism below pH 6 while the sorption on non-crystalline and
crystalline parts were dominant mechanisms above pH 6. This phenomenon is considered
because surface of hematite changed with increase of pH.
Sorption kinetics of Np was also investigated. Sorption process consists of a rapid
initial uptake followed by slow increase and sorption reaches nearly equilibrium in one hour. It
was found that this rapid sorption was correlative loose sorption and ion exchange sorption in
desorption experiment and this slow sorption was correlative sorption on non-crystalline and
crystalline part in desorption experiment form quantitative point of view in the cases of
magnetite and hematite in acidic solution.

Introduction
According to the performance allocation analysis on multi-barrier system for highlevel radioactive waste disposal, it was found that Np-237 dominates the hazard at the exit of
the natural barrier[l], namely at the inlet of the biosphere. Neptunium-237 is present in the
high-level radioactive wastes, although in comparison to other radionuclides its amount is
small [2]. However, because of its long half-life and its mobile nature under aerobic conditions
due to the high chemical stability of its pentavalent state, NpO2+, Np-237 is considered as a
possible long-term pollutant of the ecosystem. The understanding of the Np sorption behavior
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is required in order to describe quantitatively its transport in surface and groundwater
systems.
Under aerobic conditions, iron-containing minerals are expected to play an important
role in regulating the migration of radionuclides[3] because of their widespread existence, and
high sorption capacity. Therefore, Np sorption data on iron-containing minerals are required
to describe the mobility of Np in natural waters. Neptunium sorption on iron-containing
minerals has been investigated in some studies. Nakayama et al.[4] clarified pH dependence of
Np(V) sorption on magnetite, goethite, hematite and biotite. Tochiyama et al.[5] clarified the
effect of crystallinity of various iron oxides on theNp(V) sorption. Fujitaet al.[6] interpreted
the sorption behavior of Np(V) on magnetite and goethite using the surface complexation
model. However, the sorption mechanism of Np(V) has not been investigated using such as a
sequential desorption method, and the dependence of Np(V) sorption on ionic strength, which
is a very important information about sorption mechanism, has not been studied well and the
sorption kinetics, which may reflect the sorption and desorption characteristics, has not been
examined in detail either. Furthermore, although there is apossibility of reduction of Np(V) to
Np(IV) at the surface of Fe(H)-containingminerals[7], the reduction of Np(V) to Np(IV) and
the sorption/precipitation of Np(IV) has been investigated only in a few works[7,8] and the
evidence of reduction ofNp(IV) was not shown clearly. In the present study, we carried out
sorption, desorption and sorption kinetics experiments of Np(V) on hematite (a-Fe2C>3),
magnetite (Fe3O4) and biotite (K(Mg ,Fe)3AlSi3O10(OH)2) using a batch method and a
sequential desorption method, and obtained information on the Np sorption mechanism as
well as on the reduction possibility of Np(V) to Np(TV).

Experimental
Chemicals
Magnetite and hematite powders were obtained from Rare Metallic Co., Ltd.(Tokyo,
Japan). Biotite was obtained from Nflion Chikagakusha Co.(Kyoto, Japan). Biotite was
crushed with a tungsten-carbide mill. All iron-containing minerals were sieved to particle size
of less than 250 ^im before sorption experiment. Specific surface areas of magnetite, hematite
and biotite were measured by BET method with N 2 gas. These of magnetite, hematite and
biotite were 5.4 (m2/g), 5.8 (nrVg) and 7.3(m2/g), respectively.
1.3xlO"5M Np in 0.1M HN0 3 was obtained from LMRI, France and diluted by
deionized water in order to obtain a 6.5x10"8M solution. The pH was adjusted between 4.0
and 5.0 with HNO3. Oxidation state of Np was confirmed to be pentavalent by solvent
extraction technique with 0.5M thenoyltrifluoroacetone (TTA) in xylene[9] and absorption
spectra.
Procedure
Batch experiments were conducted to investigate Np sorption as follows, lg of the
individual minerals was placed with 50 ml polyethylene centrifuge tubes with 20 ml of
solution. The solution pH was adjusted between 1 and 8 using HNO 3 and NaOH while the
ionic strength between 0.05 M and 2.0 M by NaNO3. The tubes were placed in a shaker bath
at 25°C for 7 days to allow equilibration of the pH. Then, 100 (i.1 Np solution was added and
placed in a shaker bath at 25°C again for 7 days in order to achieve an sorption equilibrium.
After 7 days, thepH was measured and 5 ml aqueous samples were taken from each mixture
-
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after filtration with a 0.45 |Jin-pore size membrane filter. The Np concentration of the aqueous
samples was measured using a Ge-detector (ORTEC). Blank tests with 0.1 M NaNO 3
solutions were carried out in parallel with the sorption experiments in order to measure the Np
sorption onto the polyethylene wall.
The desorption of Np from the individual samples was investigated after the sorption
experiments using a sequential desorption technique utilizing 20 ml of distilled water (pH was
adjusted to the corresponding value) , 1M KC1[3] and 0.1M K2C2O4[10] in order to
investigate the sorption forms of Np.
Sorption kinetics of Np on magnetite and hematite was also investigated. In this
experiment, lOg of solid was contacted with 200ml of solution in a 250ml glass flask, lml
aqueous samples were taken at selected intervals after filtration with a 0.45 fim-pore size
membrane filter. Runs were carried out at selected pH values for up to lOdays for all systems.

Results and discussion
Sorption results
The results of sorption experiments are summarized in Fig.1. The uptake, K (%), was
calculated by using the following equation,
K

cb
where Cb and C/represent the blank and final concentration of Np, respectively. The results
show that the Np sorption onto magnetite, hematite and biotite was strongly influenced by
pH. The pH dependence of sorption was different each other. Neptunium sorption on
magnetite began around pH 5 and sharply increased at pH values between 6 and 7. The
sorption on biotite began at pH values between 4 and 5 , and sharply increased at pH between
6 and 7. The sorption on hematite began at about pH 3 , and sharply increased at pH between
4 and 5, and uptake value reached 100% at pH 7. These results are in good agreement with the
previous data [7]. The differences in the Np sorption among the iron-containing minerals are
most probably due to the differences in structural characteristics, but not Np speciation. From
the hydrolysis and complexation constants of Np(V)[6,ll,12], a dominant species in the
solution is NpO2+ and carbonate complexes are not of major concern in this experiment.
According to the literature [13], the points of zero charge (pzc) of magnetite and hematite are
pH=6.5 and pH=8.3 respectively. There is no direct correlation between pzc and the pH of
sorption beginning in this experiment. We will study this relationship in detail in future. The
surface sorption coefficients, £a[mol/ml m2] of magnetite, hematite and biotite calculated using
the BET surface areas are plotted in Fig.2. One of the aim of this work was to study the
possibility of reduction of Np(V) to Np(IV) at the surface of the Fe(II)-containing minerals.
From a quantitative point of view , Np sorption enhancement on Fe(II)-containing minerals
was not observed in this study. We checked the presence of Np(FV) in the aqueous phase by
solvent extraction technique with 0.5M TTA in xylene. However, we could not obtain the
evidence of the presence of Np(TV). This result indicates that the reduction of Np(V) to
Np(TV) by Fe(II) did not take place in the aqueous phase under these aerobic experimental
conditions. However, there is a possibility of reduction of Np(V) toNp(IV) at the surface of
Fe(n)-containing minerals under anaerobic conditions. We will study the possibility of
reduction under anaerobic conditions and the effect of surface properties on Np sorption and
Np(V) reduction in detail in future.
-
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The dependence of Np sorption on the ionic strength is presented in Fig3. The
sorption on magnetite and hematite was not dependent on ionic strength. Girvin et al.[14]
reported that the sorption which is dependent on ionic strength is an outer-sphere
complexation type and the sorption which is not dependent on ionic strength is an innersphere complexation type. According to this report, we concluded that the sorption of Np
both on magnetite and hematite is an inner-sphere complexation type. It seemed that the
sorption on biotite was a little dependent on ionic strength, but we could not determine
whether the sorption dependent or not clearly only from this result. Hence, we can not
conclude whether the sorption of Np on biotite is an inner-sphere or an outer-sphere
complexation type at the present time. The complexation type of Np on biotite will be
investigated in detail in future.
Desorption results
The results of desorption experiment were summarized in Fig.4. Desorption ratio, K'
(%), was calculated using the following equation,
C -C
K' = —
^-xlOO
Cb
where C& and C/ represent the blank and final concentration of Np in desorption solution,
respectively.
The Np sorbed loosely can be desorbed by water and the Np sorbed as an
exchangeable ion can be desorbed by KC1 while the Np sorbed on non-cry stalline part of ironcontaining mineral by K2C2O4 [15,16]. The remainingNp amount, that could not be extracted
by water, 1M KC1 and 0.1M K2C2O4, is considered to be sorbed on the crystalline part of
iron-containing minerals. Therefore, in this paper, we defined the Np desorbed by water as
"Np sorbed loosely" , that by KC1 as "Np sorbed by ion exchange", that by K2C204as "Np
sorbed on non-crystalline part (such as amorphous part)" and remainingNp as "Np sorbed on
crystalline part". The similar definition was described by Idemitsu et al. for explanation of U
sorption[3]. For simplity, we mentioned the "Np sorbed loosely" as "L-type sorption", "Np
sorbed by ion exchange" as "I-type sorption", "Np sorbed on non-crystalline part" as "Ntype sorption" and "Np sorbed on crystalline part" as "C-type sorption", in this paper,
magnetite
The first solution, pH-adjusted water, could extract a small fraction of Np in the
whole pH range, especially around pH 6. This suggests that a small fraction of Np was sorbed
by L-type sorption on magnetite in the whole pH range, especially around pH6. The second
solution, 1M KC1 , could extract a great deal ( about 50%) of the sorbed Np at pH>7.
Therefore, at pH>7, the sorption is mainly controlled by I-type sorption. The third solution,
0.1M K2C2O4, could extract some fraction of Np. The fractions of N-type sorption and Ctype sorption increased with pH at pH>6.16. The fraction of C-type sorption was about 25%
in this pH range. Therefore, the C-type sorption is also a dominant mechanism together with
I-type sorption.
hematite
pH-adjusted water and 1M KC1 could extract a great deal of Np at pH 4.82 but little
at pH>6.20. This suggests that L-type sorption and I-type sorption are dominant mechanisms
in acidic solution. On the other hand , at pH>6.20, 0.1M K2C2O4 could extract some fraction
(about 20%) of Np. The total fractions of N-type sorption and C-type sorption reached
nearly 100% at pH>6.20. These results indicate that the sorption mechanism changed around
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pH6 from L-type sorption and I-type sorption to N-type sorption and C-type sorption,
especially C-type sorption.
biotite
pH-adjusted water and IN KC1 could extract a great deal of Np in the whole pH,
indicating L-type sorption and I-type sorption are dominant. At pH>6.80, a amount of Ctype sorption increased with pH. Therefore, C-type sorption becomes one of dominant
mechanisms at pH>6.80. Little of Np was desorbed with K2C2O4, suggesting that little Np is
sorbed by N-type sorption on biotite.
The desorption behavior of individual system is different. In the future work, we will
study the relationship between the sorption behavior (ionic strength dependence etc.) and
desorption behavior. Furthermore, we will study the sorption behavior under anaerobic
conditions.
Sorption kinetics
The results for 1 to 6 hours were summarized in Fig.5.It was found that the sorption
came to equilibrium within 1 hour in all systems. After 10 days, the uptakes were nearly equal
to that of 1 hour. Therefore, sorption comes to equilibrium within 1 hour in these systems.
The results for magnetite and hematite within 1 hour were summarized in Fig.6 and
Fig 7 respectively. As shown in Fig6, sorption process of Np consists of a initial rapid
sorption followed by slow sorption. It was found that the ratio of rapid sorption to slow
sorption in sorption kinetics experiment coincided with the ratio of sum of L-type and I-type
sorption to sum of N-type and C-type sorption in desorption experiment in the cases of
magnetite and hematite in acidic solution. The ratios of rapid sorption to slow sorption in
magnetitepH=6.15, pH=8.45 and hematite pH=
4.52 were 1 to 0.35, 1 to 0.55 and lto 0.27 while the ratios of sum of L-type and I-type
sorption to sum of N-type and C-type sorption in magnetite pH=6.16, pH=7.15 and hematite
pH=4.82 were 1 to 0.35, 1 to 0.55 and lto 0.29 respectively. In acidic solution, a small
fraction of the sorption was slow sorption while some fraction of sorption was slow sorption
in neutral and alkaline solution. These results are considered to indicate that sorption process
is characterized by two steps. At the first step, Np is sorbed on the surface of non-crystalline
part rapidly, by L-type and I-type sorption. This process is "rapid sorption" in sorption
kinetics experiment. At the second step, Np sorbed on the surface of non-crystalline part of
iron oxides diffuses into the non-crystaUine part and crystalline part of iron oxides. This
process is N-type and C-type sorption in desorption experiment and "slow sorption" in
sorption kinetics experiment. However, in the case of hematite in neutral solution, it was
found that the ratio of rapid sorption to slow sorption in sorption kinetics experiment did not
coincided with the ratio of sum of L-type and I-type sorption to sum of N-type and C-type
sorption in desorption experiment. We will study the cause for this phenomenon in the future
work.
Comparing the rate of "slow sorption" of magnetite with that of hematite, it was
found that the rate of slow sorption of magnetite was faster than that of hematite. It could be
considered that this phenomenon reflected the surface condition of iron oxide. In the case of
magnetite the non-crystalline part may have relatively coarse structure. Therefore, the rate of
diffusion into non-crystalline part and crystalline part, i.e. the rate of slow sorption, is
relatively faster. On the other hand, in the case of hematite the non-crystalline part may be
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relatively thick and denser ,so the rate of slow sorption is relatively slower.
The results of sorption kinetics indicate that the surface condition of iron oxides
affect the sorption behavior of Np on iron oxides significantly. In the future work, we will
study the structural characteristics, surface alteration by pH of iron oxide using of SEM, TEM
and XPS and investigate relationship between the sorption behavior (ionic strength
dependence etc.) and surface condition of iron oxide.

Conclusions
1. The pH dependence of sorption was different among magnetite, hematite and biotite
systems.
2. There were no dependence of sorption on ionic strength in magnetite and hematite systems.
This indicates that sorption of Np on magnetite and hematite is an inner-sphere
complexationtype. On the other hand, sorption of Np on biotite could not be concluded to
be an inner-sphere or an outer-sphere complexationtype in this study.
3. The C-type(sorption on crystalline part) and I-type(sorption by ion exchange) sorption
were dominant mechanism in magnetite system.
4. For hematite system, the sorption mechanism was different blow and above around pH 6.1type and L-type(loose sorption) were dominant mechanisms below pH 6 while Ntype(sorption on non-crystalline part) and C-type sorption were dominant mechanisms
above pH 6.
5. The L-type, I-type and C-type sorption were dominant mechanism in biotite system.
6. Sorption process consists of a rapid initial uptake followed by slow increase and nearly
sorption reaches equilibriumin one hour.
7. The results of desorption experiment could be explained by rapid and slow sorption
process in the cases of magnetite and hematite in acidic solution.
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A SOLUBILITY STUDY OF PLUTONIUM IN CARBONATE SOLUTION
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Abstract
The Solubility experiments for Pu were measured from supersaturation direction in
+
Na -H+-NO3-CO32" system in the pH range of 2-13. This study was carried out under aerobic
conditions at room temperature (about 25 °C). The solubility of Pu in 0.1M NaNC>3 decreased
with increasing pH in the low pH range, and showed constant in pH range of 10-12. In the
carbonate system, the solubility of Pu increased with increasing the NaHCO3 concentration in
the high pH range. In this range, solubility was also dependent on pH, but the pH dependency
of solubility in pH range 8-10 was different from that in the pH range over 10. According to
these behaviors, it suggests that Pu carbonate or its hydroxycarbonate complex exists as
dominant species in this range. From the correlation between measured pH and the pe, the
redox state of aqueous species of Pu in carbonate system is different from nitrate system. The
green colored precipitation was observed in the neutral to high pH range. These precipitation
were not characterized, but according to other studies, it can be considered PuO2*xH2O(am).
From the estimation based on chemical equilibrium for these complexes of Pu(VI), it was
suggested that PuO2(OH)CO3 was the dominant species in the high pH range.
1. Introduction
For the performance assessment of geological disposal of the high level radioactive
waste, it is important to predict the solubility of radionuclides released from vitrified waste
glass. The actinide carbonate complex likely exists more abundant than the other inorganic
species in natural groundwater (Kim(1986)). Therefore, the complexation of Pu with
carbonate is one of the most important reaction as well as its hydrolysis in the natural ground
water. Pu carbonate complexes have been studied by many researchers for a long time.
Nevertheless, the reliability for formation constants of these carbonate complexes have been
discussed (Rai(1998)). It is seems that the difficulty of experiment under aerobic condition
makes these data unreliable.
Many experiments about complexation between PufTV), Pu(VI) and carbonate have
been studied. Moskvin and Gel'man (1962) reported the carbonate complex Pu(CC>3)2+ in
0.36-3.6M KJCOJ solution, but there are indistinct point under their experiment condition.
Kim et al.(1983) obtained solubility data of Pu(OH)2CO3(s) in Na2CO3 and NaHCO3 solutions,
and suggested the presence of Pu(CO3)x4"2x (x = 1 to 5) as dominant species. Lierse and Kim
(1986) and Nitsche et al. (1995) reported formation constant of Pu(CO3)x4"2x with x =1 to 5.
For Th, U and Np, the presence of An(CO3)s6" was reported, and Th(CO3)s6" was measured
with EXAFS (Extended X-ray Absorption Fine Structure) (Grenthe et al. (1992), Rai (1995),
Felmy et al. (1997)). Hydroxycarbonate complex (Pu(OH)2(CO3)22, Pu(OH)4(CO3)24") was
reported by Yamaguchi et al.(1994), and such hydroxycarbonate complex was also reported on
the other actinide such as NptOH^CC^^4", U(OH)2(CO3)22' by Pratopo et al. (1990) and Rai et
al. (1997). Carbonate complex of Pu(VT)(PuO2CO3(aq), PuO2CO32" and PuO2(CO3)32) and
their formation constants were reported by Pashalidis et al. (1997). The hydroxycarbonate
complex of Pu(VI) (PuO2(OH)2CO3, (PuO2)2(OH)3CO3 and (PuO2)3(OH)3CO/) were reported
by Gel'man et al. (1962) and Allard (1983), these hydroxycarbonate was also reported for
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U(VI) system ((UO2)2(OH)3CO3 and (UO2)3(OH)3CO3\ Grenthe et al. (1992)). Though the
presence of these Pu(VT)-hydroxycarbonate complexes has not been confirmed, but it would
be indicated the possibility of their presence as well as Pu(TV)-hydroxycarbonate complex.
From these knowledge, JNC has integrated thermodynamic data base of Pu for the JNCTDB for a few years. This study has been carried out in order to get knowledge about
carbonate complexation of Pu for development of the JNC-TDB database.
2. Experimental
2.1 Preparations
Sample solutions were prepared from reagent grade chemicals (Wako Pure Chemical
Ind., Ltd., Tokyo) and distilled water (Ultra Pure Water System, GS-500, CPW-200,
ADVANTEC, Tokyo). The Pu used in this study contains primarily 239Pu. The isotopic
composition of the plutonium was 0.014% 238Pu, 91.175% 239Pu, 8.501% 240Pu, 0.258% 241Pu,
0.052% 242Pu. An aliquot of the Pu stock solution (1.24 xlO'M Pu) was prepared by
dissolution of PuC>2(c) as a in about 3.0M HNO3. The PuC>2(c) was contained 0.64% of
241
Am as impurity.
2.2 Procedure
The solubility experiments for Pu were approached from supersaturation direction in
0.1M NaNO3 solution under aerobic conditions. The procedure of this experiment is shown in
Fig. 1. The initial concentration of Pu was 6.24X10"5 M for non-NaHCO3 solution, and
6.24xlO"6 M for NaHCO3 solution. The carbonate concentrations were adjusted 10 \ 102 and
10 'M by NaHCOj. Sample solutions were stored in Teflon® vessels with sealing cap for 48138 days at room temperature (about 25°C). The pH was ranged from 2 to 13 by using of
HN0 3 or NaOH and adjusted every 2 weeks. The concentration of 239Pu+240Pu was measured
by a-spectrometry (a-Ray Detector BU/017/400/100, a-Ray Module SOLOIST-U0450,
SEIKO EG&G ORTEC, Tennessee) at 5.124-5.168MeV, and total concentration of Pu was
calculated from the concentration of these ratio (24OPu/239Pu). All these samples were filtered
through 10,000 MWCO (molecular cut off) ultra filter (Ultra Filter Unit USY-1, ADVANTEC,
Tokyo) to separate the solution and precipitation. The pH and Eh of the sample solutions were
measured with a Ag/AgCl electrode (Type GST-2419, TOA Electronics Ltd., Tokyo) and a
Pt/AgCl electrode (Type PTS-2019C, TOA Electronics Ltd., Tokyo), respectively. The both
electrodes were calibrated with the pH buffer solutions (pH 4.01,6.86 and 9.18 standard
solutions, TOA Electronics Ltd., Tokyo) and quinhydrone reagent grade chemicals (Wako
Pure Chemical Ind., Ltd., Tokyo) solution, respectively.
Oxidation states of aqueous species of Pu in the solution were determined by solvent
extraction by using TTA (Thenoyltrifluoroacetone)-xylene and TBP (Tributyl phosphate)dodecane. The solvent extraction procedure is shown in Fig.2. After experimental periods, 2ml
of aliquots were filtered through 10,000MWCO filters from each pH sample. The amount of
Pu(ni) plus Pu(TV) were determined by 0.5 M TTA-xylene extractions with equal volume
containing 1M HNO3 and 0.1M KBrO3. Bromate rapidly oxidizes Pu(IH) to Pu(IV), but
further oxidation is much slower (Cleveland (1970)). The aqueous phase from TTA extractions
was made 3.5M in HNO3 and extraction with TBP determined Pu(V) and Pu(VT). Both
extractions were carried out within 15 minutes.
3. Results and Discussion
3.1 Solubility Measurement
The results of solubility experiment is shown in Fig.3. It shows that the solubility of Pu
in non-NaHCO3 samples depend on the pH. In the pH range up to 10, the solubility of Pu
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decrease 10"5 to 10 "M, and the solubility becomes almost constant in the pH range of 10-12.
For the 10 \ 102 and 10 'M NaHCO3 system, the solubility of Pu increases 109 to 10"5M
with increasing NaHCO3 concentration. From the viewpoint of pH dependence in the each
NaHCOj solution, the solubility of Pu increases up to pHIO, but it decrease in the pH range of
10-12. These tendencies show that the Pu solubility in this range would be controlled by
carbonate or hydroxycarbonate complex in NaHCO3 solution.
The redox potential measured of samples are shown in Fig. 4. Symbols O and •
illustrated in this figure represented pe of non-NaHCO3 solution and NaHCO3 solution,
respectively. The negative logarithm of electron activity (pe) at 25 °C is related the redox
potential (Eh in volts) by pe=16.9Eh(Rai et al.(1984)). Solid lines in this figure represent
pH+pe=14 and pH+pe=17 line. From the correlation between pH and pe, it is suggested that
redox state in these samples would be changed to oxidation side around pH=6.
The result of oxidation state measurement with TTA/TBP extraction method is shown in
Fig. 5. Oxidation states of Pu species measured by solvent extraction for non-NaHCO3
samples were 64.60, 87.78 and 87.03% of Pu(VI) at the pH 2.89, 6.44 and 9.92, respectively,
and for NaHCO3 samples were 85.50, 74.45 and 73.99 % of Pu(VI) at the pH 10.51, 11.2
and 11.69, respectively. It shows that Pu(VI) dominantly present in the neutral to high pH
range.
Since only a small amount of solid phase was precipitated, the solubility control solid
was not characterized in this experiment. The green colored precipitates were observed in low
solubility samples, and it was considered PuO2»xH2O(am) (Gel'man et al.(1962)).
3.2 Discussion on Dominant Species of Plutonium
Since the result of TTA/TBP extraction shows that the oxidation state of Pu in samples
are Pu(VT), the dominant species were estimated of Pu(VI) species.
The dominant species in low carbonate solution can be considered as neutral species
PuO2(OH)2(aq). Lierse and Kim(1986) measured the solubility of PuO2(OH)2(s) in 0.1M
NaClO4 solution, and the formation constant (logK) of PuO2(OH)+, PuO2(OH)(aq) and
PuO2(OH)3" were reported -5.3, -12.5 and -24.5, respectively. At concentrations of NaHCC>3
>10'3M, it is considered that complexation to PuO2(OH)(aq) is much weaker than that of
carbonate and hydroxycarbonate. Although the NO3" is the main species in the sample solution,
the formation constant of Pu(VI)-nitrate is enough low to ignore (highest logpi reported is
1.86 by Krevinskayam et al.(1959)).
From these results, the dominant species was estimated under assumptions as follows;
1. the solid phase would be PuO2(am).
2. Pu(VI) would form a carbonate or hydroxycarbonate complex.
Thermodynamic calculation was used for this estimation. Equations for estimation of
dominant species are shown in Table. 1. Results of estimation are shown in Fig. 6. The solid
line represent the slope of unity. The vertical axis of these figures are the concentration of
Pu(VI) in samples, and horizontal axis is the dominant factor for the reaction in Table. 1.
The pH+pe used in this calculation is 17.07. This value is fitted for measurements in
NaHCO3 solutions by using of least square method. The pH-pe diagram of sample solution is
shown in Fig. 4. The carbonate concentration used in this calculations were calculated from
the following equilibrium constants (Silva et al. (1995)).
[C J = [CO/ ] + [HCO3 ] + [H2CO3(aq)]
H C O / - J T + CO/
logK =-10.33
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logK = -16.68
logK = -14

If the reaction described in Table. 1 had occurred in these samples, the slope of these
plots should be consistent with measurements. From these figures, slopes of plot for
PuO2(OH)CO3 and (PuO2)2(OH)3CO3 are good agreement with measurements. Aqueous
species of PuO2(OH)CO3 and (PuO2)2(OH),CO/ were reported by Gel'man et al.(1962) and
Allard(1983), respectively, and reaction constants were also reported. Although these two
species can be considered dominant in the solution, the formation constant of
(PuO2)2(OH)3CO3" reported by Allard(1983) can be considered too low.
PuO22+ + CO,2 + OH = PuO2(OH)CO,
2PuO22+ + CO32 + 3OH = (PuO2)2(OH)3CO3

logK = 23.85
logK = 41

Therefore, (PuO2)2(OH)3CO3 did not take into account, and dominant species in these
samples is inferred PuO2(OH)CO3.
Table. 1 Equations assumed for estimation of dominant species
PuO2CO3(aq) = PuO2(am) + CO32" - 2e"
PuO2(CO3)22 - PuO2(am) + 2CO32 - 2e
PuO2(CO3),^ = PuO2(am) + 3CO32 - 2e
PuO2(OH)CO3 = PuO2(am) + H.O + CO,2 - H* - 2e
PuO2(OH)2CO32 = PuO2(am) + 2H.0 + CO32 - 2tT - 2e"
(PuO2)2(OH)3CO/ = 2PuO2(am) + 3H2O + CO32" - 3JT - 4e" • • •
(PuO2)3(OH)3CO; - 3PuO2(am) + 3H.O + CO32 - 3H" - 6e • • •

(1)
(2)
(3)
(4)
(5)
(6)
(7)

Conclusion
From measurements of Pu solubility in NaHCO3 solution, the color of precipitation,
pH-pe diagram of samples and the results of solvent extraction, it was inferred that the
solubility control solid was PuO2(am) and the dominant species was Pu(VI). On the other
hand, it was inferred that the dominant species was PuO2(OH)CO3" by thermodynamic
calculation. However, the presence of this species was not confirmed by other method such as
spectrochemical analysis. Therefore, it is necessary to develop a direct characterization
method using LPAS or other equipment, and to calculate in detail by thermodynamic model.
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Fig.l The procedure of solubility experiment
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in aqueous phase
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Fig.2 The procedure of solvent exraction
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MIGRATION STUDY OF AMERICIUM IN POROUS MEDIUM
T. TANAKA and H. OGAWA
Department of Environmental Safety Research,
Tokai Establishment, Japan Atomic Energy Research Institute,
Shirakata 2-4, Tokai, Naka, Ibaraki, Japan, 319-1106.

Migration experiments of 241Am3+ had been performed by a column system, to
investigate migration behavior of 241Am through a column packed porous sedimentary
materials: a coastal sandy soil and a reddish soil. Most 241Am loaded into the column
packed the reddish soil sorbed on the influent edge of the column. In the case of the sandy
soil, however, considerable amount of241 Am was passed through the column. This shows
that there is colloidal 241Am species which may move without effective interaction with the
sandy soil. Such a migration behavior of colloidal 241 Am in the sandy soil column could
be evaluated by a sorption model based on filtration theory. Sorption mechanisms of
41
Am on the sedimentary materials were examined by a chemical extraction method, for
241
Am sorbed on the sandy soil and the reddish soil at any sections in the column. The
241
Am sorbed on the reddish soil was mainly controlled by a reversible ion exchange
reaction. On the other hand, the 241Am sorbed on the sandy soil was controlled by
irreversible reactions, such as the selective chemical sorptions onto Fe and Mn
oxyhydroxide/oxide. The experimental results support that the migration of 241Am in the
reddish soil layer can be estimated by using the ^d, whereas that in the sandy soil can not be
explained by the K& concept.

1. INTRODUCTION
Low-level radioactive wastes containing transuranic radionuclides (TRU nuclides)
such as neptunium, plutonium and americium have been generated in radioactive waste
treatment and in spent fuel reprocessing(1). Since most TRU nuclides in the radioactive
wastes are long-lived, they must be isolated from the biosphere for a long period of time
until it is radiological innocuous. The safety of disposal of the radioactive wastes in
geological formations relies on what is known as the multi-barrier concept(2). The
geological barrier can and must also make a large contribution to the overall safety. An
important mechanism by which waste components can be returned to the biosphere is by
circulating groundwater, accompanying with retardation to radionuclide migration by
sorption onto the geological barrier. Thus, understanding the retardation process to
radionuclide migration in geologic environments is important in the assessment of
radioactive waste disposal sites.
The retardation process can be generally quantified by using simple thermodynamic
equilibrium: distribution coefficient (ATa), that is defined by the ratio of radionuclide
concentration between in geological medium and groundwater(3)(4). Therefore, there is a
need to valid whether the K& concept is adequate to describe the geological
medium/groundwater interaction of TRU nuclides. The aim of this study is to consider the
validation of the K& concept from the viewpoint of migration mechanisms of TRU nuclides
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in geological formation, for setting up radionuclide migration models in geological medium.
We have performed migration experiments of 241Am(III) by a column system, to
investigate the migration behavior of 241Am through porous sedimentary materials: a coastal
sand and a reddish soil. Sorption mechanisms of 241Am on both the soils were had been
previously examined by a sequential chemical extraction method(5). The results obviously
showed that the sorption of Am onto the reddish soil is dominated by a reversible ion
exchange reaction, while that onto the sandy soil is controlled by irreversible chemical
reaction with Fe and Mn oxyhydroxide/oxide and/or fixation(5). In the present study, we
have discussed the migration mechanisms and assumed to evaluate quantitatively the
migration behavior.

2. EXPERIMENTAL
Soil Samples and Solution
The soils used in the present study were a coastal sandy soil and a reddish soil, of
which physico-chemical properties are shown in Table 1. The coastal sandy soil, which
was sampled at a site of the Tokai Research Establishment, Japan Atomic Energy Research
Institute, Ibaraki, Japan, was fractionated into the particle size range smaller than 1 mm in
diameter, by sieving method with JlS-standard sieve. The reddish soil, which was taken
from Aichi, Japan, was fractionated into the size range smaller than 500 mm.
Table 1 Physico-chemical properties of soil samples.
Sandy
soil

Specific gravity
CEC(meq/100g)
Mineral composition
Quartz
Plagioclase
K-feldspar
Gibbsite
Kaolinite
Sericite
Chlorite
Hornblende
Cristobalite
Humic acid
(mgC/lOOg)

Reddish
soil

2.69

2.74

1.9

8.7

Major
Medium
Minor
N.D.
Trace
Trace
Trace
Trace
N.D.

Major
N.D.
Minor
Trace
Trace
Trace
Minor
N.D.
Trace

8.7

<1

Sandy
soil

Reddish
soil

78.20
8.31
0.36
2.46
1.95
0.98
2.55
2.70
0.07
2.04

66.57
19.71
0.53
5.11
0.01
0.41
0.09
1.25
0.07
0.03
5.89

1,200

13,000

Chemical composition (%)
SiO 2
A12O3
TiO 2
Fe 2 O 3 +FeO

CaO
MgO
Na 2 O

K2O
P2O5

MnO
H2O
Distribution coefficient of241Am

Kd(cm3/g)

Equilibrated solutions used as an influent solution in the present column experiments
were prepared as follows: each soil sample amounting to 7 g had been contacted with 700
cm3 of deionized water for 4 weeks. The supernatant was filtrated with membrane filter of
0.45 \i m in pore diameter. The filtrate was used as the equilibrated solution. Chemical
properties of the equilibrated solution prepared from each sample are presented in Table 2.
Radionuclides used were 241Am3+ in the form of nitride. A stock 241Am solution
was prepared by introducing the 241Am in deionized water to have ca. 3X10 Bq/cm in
radioactivity, and by adjusting pH to 4 with 0.1 mol/dm3 NaOH solution. The 241Am
solution introduced in the present experiments was prepared by adding a small amount of
the stock solution into the equilibrated solution of 5 cm3 and then standing for 1 day.
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Table 2 Chemical properties of equilibrated solutions.

pH
Eh (mV)
K+ (mg/dm3)
Na+ (mg/dm3)
Mg2+(mg/dm3)
Ca5+ (mg/dm3)

Sandy
soil

Reddish
soil

7.5
240
1.4
1.2
0.6
8.8

4.8
360
0.2
0.4
<0.1
<0.1

HCO3" (mg/dm3)
SiO2 (mg/dm3)
SO42' (mg/dm3)
Fe (mg/dm3)
Al (mg/dm3)
Humic acid (mgC/dm3)

Sandy
soil

Reddish
soil

2.9

0.5
2.8
0.5
<0.05
<0.5
<1

2.8
0.9
1.3
1.4

Migration Experiments of241 Am
The apparatus for the migration experiments is schematically shown in Fig.l. The
soil column made of Teflon was 2.5 cm in inner diameter and 5 cm in height, and it had a
membrane filter of 5 11 m in pore size at the top and bottom. Soil layer was prepared by
charging 38.9 g of the sandy soil or 26.2 g of the reddish soil into the column to make a bed
thickness of 5 cm. Bulk density and porosity of the soil layers were 1.59 g/cm and 41 %
for the sandy soil, 1.07 g/cm3 and 61 % for the reddish soil, respectively.
After the soil layer was contaminated by passing 5 cm3 of the 241Am solution,
continuously 500 cm3 of the equilibrated solution was fed into the contaminated soil layer,
from the bottom at a flow rate of ca. 0.5 cm3/min by a micro tube pump. Effluent samples
passed through the soil layer were collected with a fraction collector. Soil samples were
taken out from the column at every 0.5 cm section in depth. Radioactivities of the effluent
and soil samples were measured with ORTEC gamma-ray detector.
In order to examine sorption mechanisms of 241 Am on the soils, the 241 Am sorbed on
the sandy soil and the reddish soil at any sections in the column was extracted with the mix
solution containing KC1 of 0.5 mol/dm3 and CaCb of 0.5 mol/dm3. Ion exchangeable
241
Am sorbed can extract from the soils,(6X7)

Water saturation
2.5cm 4> X 5cm
Sandy
soil
Packed weight: 38.9 g
Poroclty:
41 %
Bulk density:
1.59
Velocity cm/min: 0.28
Dispersion
cm2/min: 0.31
Concentration :
Bo/cm3: 340

Reddish
soil
26.2 g
61 %
1.07
0.20

Pump

0.38
600

0.5cm 3 /min
241

Effluent

Am solution: 5 c m 3

Equilibrated solution: 500 c m 3

Fig.l Apparatus for the migration experiment.
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3. RESULTS
Concentration of 241Am in the effluent of the sandy soil is shown in Fig.2. In the
case of the reddish soil, no Am was always detected in the effluent. In the case of the
sandy soil, however, considerable amount of Am was passed through the column. Since
24
"Am passed through the sandy soil column was detected at the beginning of the effluent
flowed out, the non-cationic 241Am species, which easily moves with water flow without
any appreciable interaction, might be produced. It is well known that there are two types
of colloidal 241Am in geologic medium; one is colloids formed by hydroxylation or
carbonation of 241Am and the other is pseudocolloids formed by association of Am with
some colloids, such as a fine soil particles, humic substances . Rapid movement of the
colloidal-sized species forming particulate like hydroxide(9)(10), carbonate(11), and organic or
inorganic colloids^ * ' through the geologic medium has been observed. The values of
pH, HCO3~, and humic acid concentration of the equilibrated solution for the sandy soil, in
Table 2, suggest a possibility of colloidal 241Am species production. Size distribution of
241
Am species in the influent solutions was examined by a ultrafiltration method. As
shown in Table 3, the Am in the influent solution for the sandy soil was trapped by any
filters, particularly about 50 % of it were trapped by the filter of 0.45 jtimin pore diameter.
The results in the Table 3 make clear that 241 Am forms colloidal species of size range larger
than 20 nm in the influent solution for the sandy soil. On the other hand, in the influent
solution for the reddish soil, of which pH is rather low about 4 ~ 5 , bulk of the 241Am passed
through the filter of 20 nm in pore diameter. This supports that there is little colloidal
241
Am species in the influent solution for the reddish soil.

100

200
300
400
Effluent volume (cm3)

Fig.2 Concentration of

500

241 ,

Am in effluent.

Table 3 Size distribution of 241Am species in influent solutions.
Sandy soil
>450nm
100-450 nm
20-100 nm
<20nm

49%
11%
9%
1%

-
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Sandy soil
Reddish soil
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•5 1 0 a

o

2 10
oo
CM

10

1
2
3
4
Distance from influent edge (cm)

Fig.3 Concentration distribution of 241Am in soil layer.
Concentration distribution of 241 Am in the soil samples was shown in Fig.3. In the
reddish soil layer, most 24I Am loaded into the column was detained near the influent edge.
The concentration of Am in the sandy soil layer decreased gradually and linearly when
the distance from influent edge became longer. These results show that there are two
chemical species in the column system; one is cationic 241Am which was strongly sorbed on
the influent edge, and another is colloidal 241Am species which may easily move without
effective interaction with the soil.
Figure 4 illustrates the results of the chemical extraction, as a fractional percent of
241
Am desorbed from each section in the column by the CaCk and KC1 mix solution. The
24I
Am sorbed on the reddish soil was mostly extracted with the mix solution and was
mainly controlled by a reversible ion exchange reaction. Contrary, the 241Am sorbed on
the sandy soil was not extracted with the mix solution. This indicates that the sorption
mechanism of Am on the sandy soil was dominated by irreversible reactions, such as the
selective chemical sorptions onto Fe and Mn oxyhydroxide/oxide and/or fixation, as well as
the results obtained previously from a batch experiment^.
100
r

r
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\
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Distance from influent edge (cm)
| Fraction not extracted

Fraction extracted

(a) Sandy soil

(b) Reddish soil

Fig.4 Fraction percent of 241Am desorbed from each section in the column
by the CaCh and KC1 mix solution.
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Above results involve important information on the migration mechanisms of 241 Am
through the soil layers. The migration of 241Am through the reddish soil is dependent on
the simple ion exchange of cationic 241Am. The migration of 241Am through the sandy soil
is attributed to a hybrid phenomena, containing movement of colloidal 241Am species and
irreversible sorption of24 Am.

4. DISCUSSION
In a porous soil medium, a solute migration with water movement is expressed by the
equation
on(3):

p dQ
d2C
dC
+
- =D
~-V
dt
0 dt
dX2
3X
dC

(1)

where C is solute concentration in water (Bq/cm3), Q concentration of solute sorbed on soil
layer (Bq/g), p density of soil (g/cm3), 6 water content, D dispersion coefficient
(cm2/min), V velocity of water (cm/min), / time (min), X length (cm).
Provided the reaction of 241Am between solution and soil is based on the
instantaneous reversible ion exchange reaction, the migration of 241 Am can be explained by
introducing the distribution coefficient:
(2)
and

fr=l + ( 1 f

P

KA

(3)

a

where/porosity, K& distribution coefficient (cm3/g), R{ retardation factor.
Substituting Eq.(2) and (3) into Eq.(l), we obtain

dQ

dt

d2Q

dQ

1

2

dx

R(.

dx

(4)

If the values of K&, Fand D are known, a concentration distribution of 241Am in the
soil layer can be estimated by solving Eq.(4). By using tritiated water as a non-reactive
tracer( 4), the V and D in the present experiments had been found to be 0.28 cm/min and
0.31 cm2 /min for the sandy soil, 0.20 cm/min and 0.38 cm2 /min for the reddish soil,
respectively. The Ka of 241Am was measured by a batch method and it was a value of
1,200 cm3/g for the sandy soil, 13,000 cm3/g for the reddish soil, as shown in Table 1.
The concentration distribution was estimated by using the radionuclide migration
prediction code with a finite difference method(15). The calculated result is shown as a
solid line in Fig.5. In the case of the reddish soil, it was in rough agreement with the
experimental result in the near surface region where the cationic 241Am probably governed
the detaining, since the 241Am sorbed on the reddish soil was mainly controlled by the
reversible ion exchange reaction. Thus the migration of 241Am in the reddish soil can be
estimated by using the KA.
On the other hand, in the case of the sandy soil, the concentration distribution of
241
Am estimated by Eq.(4) was different from the experimental results. Because the 241Am
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formed colloidal species in the equilibrated solution for the sandy soil and the sorption
mechanisms of 24l Am on the sandy soil were dominated by the irreversible reactions.
Thus the migration of 241Am through the sandy soil is impossible to explain by the K&
concept based on the instantaneous equilibrium. These results imply that the colloidal
241
Am can migrate into the deeper region with water flow and a portion of it will be trapped
by the soil particles, then the detained colloidal Am changes to the cationic form and
resulting cationic Am must be more tightly and irreversibly sorbed on the sandy soil.
On the basis of filtration theory, an equation was proposed to evaluate the migration
of colloidal 241 Am. The filtration formula( } is generally expressed by
-- A. Cn
(5)
dX
where X, filtration factor (cm"1), Cp concentration of participate in solution passed through
soil layer of X cm.

Solving Eq.(5) for C = C o (X= 0) and constant Co, we obtain

C
Co

= exp(- X X).

(6)

Hence, particulate concentration Qn at a position of Xj cm in a soil layer is given by the
equation
On

(7)

Q'nO
The logarithm in this becomes

(0)
(£?)->ZAj
(8)
where Qn, particulate concentration detained at Xy of soil layer (g"1), g n 0 particulate
concentration detained at influent edge of soil layer (g'1).
3

"(B/b

K

Filtration theory

. ^V.
0
«

\

^ / A = 1.9 cm'1
Filtration theory

•

/ A = 0.7 cm"1

u
c
E10°

V-*.i»r«
1
2
3
4
Distance from Influent edge (cm)

1
2
3
4
Distance from Influent edge (cm)

(a) Sandy soil

(b) Reddish soil

Fig.5 Concentration distribution of 241Am in soil layer.
Solid line: Calculation based K& model,
Dotted line: Calculation based on filtration theory.
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In Fig.5(b), since the logarithm of concentration was seen to decrease in proportion to
penetration depth in accordance with Eq.(8), the migration of 241 Am in the sandy soil layer
might be expressed by the filtration theory. The two values of filtration factor could be
determined to be 1.9 cm"1 and 0.7 cm"1, from the slope shown as two dotted line in Fig.5(b).
The fact suggests that the migration of 241Am in the sandy soil layer can not be expressed by
the Ki concept but can be explained by the filtration theory, furthermore it can be
significantly retarded by the irreversible sorption mechanisms and must much retard as
compared with the retardation estimated from the JQ, in a long period evaluation.

5. CONCLUSIONS
The migration behavior of 241Am through a column packed the coastal sandy soil or
the reddish soil was investigated. Most 241Am loaded into the column packed the reddish
soil sorbed on the influent edge of the column. In the case of the sandy soil, however,
considerable amount of 241Am was passed through the column. This shows that a portion
of the colloidal 241Am species migrated without effective interaction with the sandy soil.
Such a migration behavior of 241Am in the sandy soil layer could evaluate by a filtration
theory.
The 24l Am sorbed on the reddish soil was mainly controlled by the reversible ion
exchange reaction. Thus the sorption mechanism supports that the migration of 241Am in
the reddish soil layer can be estimated by using the K&. On the other hand, the 241Am
sorbed on the sandy soil was controlled by the irreversible reactions. The migration of
241
Am in the sandy soil is not controlled by the K4 concept, whereas it must be significantly
retarded by the irreversible sorptions, as compared with the retardation estimated from the
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MODELING OF NEPTUNIUM(V), PLUTONIUM(IV) AND AMERICIUM(ffl)
SORPTION ON SOILS IN THE PRESENCE OF HUMIC ACID
T. TANAKA, Y. SAKAMOTO and S. MURAOKA
Department of Environmental Safety Research,
Tokai Establishment, Japan Atomic Energy Research Institute,
Shirakata 2-4, Tokai, Naka, Ibaraki, Japan, 319-1106.

Sorption experiments of 237 Np(V)O 2 + , 238Pu(IV)4+ and 241 Arn(ni) 3+ onto soils in the
presence of humic acid have been performed by a batch system, in order to clarify effects of
humic acid on sorption of the radionuclides on soils. Soils used in the present experiments
were a coastal sand which does not sorb humic acid, and an ando soil which sorbs humic acid
very well and is known to have a high content of humic substances.
The distribution coefficient of 237Np for both soils was not affected by the presence of
humic acid, since 237Np much little interact with humic acid. The distribution coefficient of
241
Am for both soils decreased as the humic acid concentration increased. Also the
distribution coefficient of 238Pu for the coastal sand decreased with increasing humic acid
concentration. On the other hand, as to the ando soil, the distribution coefficient of 238Pu in
the presence of humic acid was larger than that in the absence of humic acid, in the humic acid
concentration range below 5 mg/dm3, although it decreased with increasing humic acid
concentration over 5 mg/dm . These results suggest that apparent sorption behavior of Pu
and 241Am on the soils may be dependent on the sorption ability of their humic complexes.
The distribution coefficient of the three radionuclides for the soils could be evaluated by the
sorption equilibrium model taking account of the effects of the sorption of both humic acid
itself and humic complexes of radionuclide on the value of the distribution coefficient, besides
the complexation in aqueous phase.

1. INTRODUCTION
The involvement of dissolved organic substance in the sorption ability and mobility
of radionuclides in soil and water has been investigated^ 3 *. Much of the dissolved organic
substance in natural water consists of humic substance, which occurs during microbial
degradation of biomass in soil and water. The resulting product "humic acid" is very stable
to further degradation and is of indeterminate structure, with carboxyl, methoxy, phenolic,
quinone, and other functional groups, and molecular weights of under 1,000 to over 200,000(3)"
(5)
. As such humic acid has substantial chelation properties for metals, especially transition
metals such as neptunium, plutonium, americium, it considerably affects the sorption and
migration behavior of the radionuclides in geological formation. From a viewpoint of
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radiation protection, it is important to know reactivity of humic acid with transuranic elements
released from radioactive-waste repository and influence of humic acid on sorption ability of
the elements in geological formations'^.
The retardation process can be generally quantified by using simple thermodynamic
equilibrium: distribution coefficient, that is defined by the ratio of radionuclide concentration
between in geological medium and groundwater. We have performed sorption experiments
of 237Np( V)O 2 + , 238Pu(IV)4+ and 241 Am(m) 3+ onto soils in the presence of humic acid, in order
to clarify effects of humic acid on sorption of the radionuclides on soils. The influence of
humic acid concentration on distribution coefficient of the radionuclides for the soils is studied
together with that of humic acid. Furthermore, sorption equilibrium models were proposed
to estimate the distribution coefficients of 237Np, 238Pu and 241Am in the presence of humic
acid.

2. THEORETICAL SORPTION MODEL
In the presence of humic acid HL, the cationic radionuclide M may form humic
complexes in aqueous phase according to the following equilibrium reaction:
«L <=> [MWT"

(1)

and hereafter we neglect a charge relating to humic acid,
[MLH]

_

[M"*][L]n
in which j3 is stability constant of the complex, n refers to the number of ligand groups
associated with M in the complex, [M"*"], [L] and [MLn] chemical concentration.
Since M may be complicated and reacted with OH", CO32", Cl", and so on(7), in the
generic environmental condition. In the present sorption model as shown in Fig. l(a), on the
assumption that M forms the MLn complex only and humic acid species [HL], [L] and [MLJ
do not sorb onto solid phase, the K& for M is controlled by the sorption of cationic M"*" only,
and is simplified to:

(3)
[M^] + [ML n ].
Substituting Eq. (4) which expresses K&u corresponding to
[Mm+]
K

and Eq. (2) into Eq. (3), the KA are expressed by the equations:
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Solid phase

(a) Soil which does not sorb humic acid.

(b) Soil which sorbs humic acid.

Fig. 1 The sorption equilibrium models of a cationic radionuclide on soil surface;
M"1*: a cationic radionuclide, L: dissociated humic acid, MLn: Humic
complex of the radionuclide, j8 : stability constant of humic complex.

KcM

(5)

1+/3[L]\

On the other hand, as shown in Fig. l(b), on the assumption that mimic acid species
[HL], [L] and [ML*] sorb onto solid phase, the K& for M is controlled by the sorptions of both
M"^ and MLn, and is simplified to:

[M'•m+

(6)
+ [MLJ .
The Kdh corresponding to ML,, expresses
[MLn]soiicl
Ki =

(7)

[MLJ .
Combination of Eqs.(2), (4) and (7) leads to

(8)
Humic acid is a emphases molecular containing dissociatable -OH and -COOH groups (Fig.
l(b))(5). When the sorption amounts of humic acid on the solid phase increase, negative
charge density and/or cation exchangeable capacity on the solid surface increase(8) while
effective reaction sites for the radionuclide(9), such as surface complexing sites, decrease due
to covering by the emphases molecular. Thus the sorption characteristics of cationic
radionuclide onto the solid phase are affected by the sorption of humic acid. Such effects are
-
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dependent on the sorption amounts of humic acid, A!dHX[HL]; K^H represents distribution
coefficient of HL. hi the present sorption model, the change of K& was assumed as y
(KdH[UL]f.

(9)

—

1 + 0 [L]«
where y and p are constant values. Since the sorption of humic complex MLn onto solid
phase depends on that of humic acid HL*10\ it regards as Kdy, = K^L .

3. EXPERIMENTAL
Soil samples
Soil samples used in the present experiments were a coastal sand and an ando soil.
The physico-chemical properties of the soils are presented in Table 1. The coastal sand was
collected at a site of the Tokai Research Establishment, Japan Atomic Energy Research
Institute, which does not sorb humic acid. It was air-dried and sieved into a size range
between 250 and 350 fi m, and then washed with deionized water to remove silt and clay
components. The ando soil was taken from Ibaraki prefecture, Japan, which sorbs humic
acid very well and is known to have a high content of humic substances. It was washed with
deionized water to remove silt and clay components, and then air-dried.
Table 1 Chemical composition of soil samples.

Specific gravity
CEC(meq/100g)
Mineral composition
Quartz
Plagioclase
K-feldspar
Gibbsite
Kaolinite
Sericite
Chlorite
Hornblende
Cristobalite

Coastal
sand

Ando
soil

2.69

0.69
17.2

1.9
Major
Medium
Minor

Trace
Trace
Trace
Trace

-

Major
Minor
Trace
Minor
Trace
Trace
Trace

Coastal
sand

Ando
soil

K2O

78.20
8.31
0.36
2.46
1.95
0.98
2.55
2.70

P2O5

-

MnO
H2O

0.07
2.04

51.59
21.28
1.23
10.20
1.15
1.71
0.59
0.59
0.32
0.15
11.24

Chemical composition (% )
SiO 2
A12O3
TiO 2
Fe 2 O 3 +FeO

CaO
MgO
Na 2 O

Trace

Humic acid
Humic acid was purchased from the Aldrich Chemical Co. and was purified by Nash
(U)(12)
et a/.
. The resulting low-ash humic acid was then dissolved into small amount of 0.1
3
mol/dm NaOH, and the humic acid solution was prepared to desired concentrations by
diluting with 0.01 mol/dm3 NaNO3.
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Sorption experiments
The prepared soil sample was mixed with various concentrations of humic acid
solutions spiked with 237Np, 238Pu or 241Am. The soil weight (g) / solution volume (cm3)
ratio is 1/20. Concentrations of humic acid in the solutions were 0, 3.5, 13, 35, 65 and 131
mg/dm3 in the dissolved organic carbon concentration (DOC). The activity of the
concentration of the solutions was about 1 X10 3 Bq/cm3. The ionic strength of the solutions
was adjusted to 0.01 mol/dm3 with NaNO3 and the pH to 5.5~6 with 0.1 mol/dm3 HC1 and
NaOH. The temperature was controlled at 25 °C. The solution containing the soil was
gently agitated on a shaker at 60 rpm for 168 h. In the present experimental condition, in
which pH was prepared to 5.5 and CO3 was supplied from air, only 241Am may form a
negligible amount of 241Am(OH)2+ species(13)"*16). The supernatant was sampled from the
solution after the sorption experiments for 168 h. Concentrations of the 237Np and 241Am in
supernatant were measured using an ORTEC y -ray detector, and concentrations of 238Pu
were determined using a PACKARD liquid scintillation counter TRI-CARB 1600TR.
Concentrations of humic acid were also determined to be dissolved organic carbon
concentrations with a SHIMADZU TOC-500 organic carbon analyzer.
Distribution coefficient K<\ (cm3/g) of the radionuclide between liquid and solid
phases was calculated from differences of the radionuclide concentration in the solution
between before and after the sorption experiments. The Ka was calculated by the equation:
(10)
where, V: volume of solution (cmJ), W: weight of soil (g), B: radioactivity of solution before
the sorption (Bq/cm3), E: radioactivity of solution after the sorption (Bq/cm3).

4. INFLUENCE OF HUMIC ACID ON DISTRIBUTION COEFFICIENT
Sorption properties of humic acid
Figure 2 shows the concentration dependency of K& of humic acid for the coastal
sand and the ando soil. Humic acid well sorbed onto the ando soil, as was expected from its
chemical properties, and the K4 for the ando soil was 155 cm3/g in the absence of humic acid.
The values of AT<j of humic acid for the ando soil decreased as the humic acid concentration
increased. On the other hand, no humic acid was sorbed onto the coastal sand.
Distribution coefficient of radionuclides
Influence of the concentration of humic acid on the K& of the radionuclides is shown
in Fig. 3. In the case of the sorption on the coastal sand, the values of K^ of 237Np did not
change at different concentrations of humic acid, since 237Np much little interact with humic
acid(10). This result shows that the sorption of 237Np on the coastal sand was not affected by
the presence of humic acid. The Kd of 238Pu and 241Am, which form humic complexes,
decreased with increasing humic acid concentration. Gradient of the decrease in the Ka of
238
Pu was larger than that of 241 Am.
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200
Coastal sand
Ando soil

150

2
i 100

50

0

10

-1

10
Humic acid after the sorption (mg/dm3)

10'

Fig. 2 Sorption characteristics of humic acid for the coastal sand and ando soil.
As to the ando soil, the K& of 237Np changed little at different humic acid
concentrations. The K^ of 241Am decreased with increasing humic acid concentration, in the
similar manner as the case of the coastal sand. The Kd of 238Pu in the presence of humic acid
was larger than that in the absence of humic acid, in the humic acid concentration range below
5 mg/dm3, although it decreased with increasing humic acid concentration over 5 mg/dm3.

0
20
40
60
Humic acid after the sorption (mg/dm3)

(a) Coastal sand

0
20
40
60
80
Humic acid after the sorption (mg/dm3)

(b) Ando soil

Fig. 3 Influence of humic acid concentration on KA of 237Np, 238Pu and 241Am.
These results suggest that the effects of humic acid on the distribution coefficient are
various among the three radionuclides and apparent sorption behavior of the radionuclides on
the soils may be dependent on the sorption ability of their humic complexes.

-

667 -

JAERI-Conf

99-004

5. APPLICABILITY OF THE SORPTION MODELS
The distribution coefficient for the coastal sand
The Kd evaluation formula in the case that humic acid does not sorb onto solid phase:
Eq. (5) can be linearized to
*"**"*" = n log[L] + log J3 .
K

(11)

Unit (eq/dm3) of dissociated humic acid concentration [L] in Eq. (11) can convert into unit
(mg/dm3) of the dissolved organic concentration in the present sorption experiments*10*, as
follows:
log-iM

1 = n iog{ a /M[DOC]} + log J3
= n log{[DOC]} + log( a fj

(12)
j3

(13)

= « log[DOC] + log 0 ' .
(14)
where a is acid dissociation constant, fM is a proportionality constant, which is the
coefficient to change the unit of DOC concentration, mg/dm3 into the unit of HL concentration,
eq/dm3.
Thus by plotting \og{(KdM-Kd)/Kd} against log[DOC], conditional parameter j3 ' and
n can be obtained from the intercept and the slope, respectively.
Figure 4 illustrates the plots of \og{(KdM-Kd)/Kd) for 238Pu and 241Am versus
log[DOC]. The results of the linear regression are given in Table 2. The j3 ' of 237Np can
regard as 0 since the Kd of 237Np was not affected by the presence of humic acid.
The n values for 238Pu and 241Am were not an integral number. This reflects that the
humic complexes of 238Pu and 241Am are not a simple mono-ligand complex and humic acid is
not a simple mono-equivalent ligand. In addition, a difference between the n values of 238Pu
and 241Am makes us imply that some functional groups of humic acid selectively interact with
specific radionuclides.
Since Eq/5) leads to

the theoretical Kd can be calculated by using the 3 ' and n obtained. Influence of humic acid
concentration on the theoretical Kd is described in Fig. 5, with experimental Kd.
The humic acid concentration dependency of theoretical Kd for 238Pu and 241Am could
well reproduce the experimental results, as well as 237Np.
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Y=0.63X+0.38

A Pu-238
• Am-241
-1

1

2

3

log[DOC]

Fig. 4 Plots of log{(Xa -Kd)/Kd} for 238Pu and 241Am versus log[DOC] dependency

Table 2 Values of j3 ' and n obtained by the curve fitting.
Radionuclide

241

Am

J3'

n

2.2
2.4

1.2
0.63

10*

• Np-237
A Pu-238
• Am-241

0

20
40
60
Humic acid after the sorption (mg/drrp)

80

Fig. 5 Influence of humic acid concentration on Ki of radionuclide for the coastal sand;
Solid lines: Ki calculated from Eq. (15),
• , • , W.Ki obtained in the sorption experiments.
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The distribution coefficientfor the ando soil
The KA evaluation formula in the case that humic acid sorbs onto solid phase: Eq. (9)
can be linearized and be perpetrated with a a n d ^ , as same manner to Eq (16):
log{Kd-.

log y'.

J3 ' [DOC]"} =

(16)

Thus by plotting log{ Kd - Kdu + (Kd - K&J j3' [DOC]"} against \og{Kin\DOC\),
conditional parameter y ' andp can be obtained from the intercept and the slope, respectively.
237
Figure 6 illustrates the plots of log \{KA-KAy[ (£ d - Kdl) 0 ' [DOC]"}| for 237
Np,
238
241
Pu and Am versus log(^dH[DOC]).

£O 4

Np-237
Pu-238
Am-241

O
Q

C31

3

11

9

Y=0.71X+1.3

Y=0.44X+1.4
,Y=-0.35X+1.4

I
"s; o
5

1

2

3
log(KdL[DOC])

Fig. 6 Plots of log |{ Kd - K<iM + (KA - Kdl) /3 ' [DOC]"}| for 2J7 Np, ^ 8 Pu and
241
Am versus log(J£dH£DOC]) dependency.
237>
The results of the linear regression are given in Table 3. The y ' for ZJ
'Np and
238
241
Pu was positive value, while that for Am was negative value. This reflects that the
sorption of 237Np and 238Pu are mainly controlled by the negative charge density on the soil
surface, but the negative value of y ' of 241Am makes us imply that the sorption of 241Am may
selectively interact with specific sites on the soil surface.

Table 3 Values of y ' andp obtained by the curve fitting.
Radionuclide
237

Np
Pu
24I
Am
238

7'

P

2.4X101
2.0X101
-2.5X101

-0.35
0.71
0.44

Since Eqs. (8) and (9) lead to
•"-dw + -"-di P |L»UC|

(17)

1+/3'[DOC]",
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'[DOC]"

(18)

+j3'[DOCf,

respectively, the theoretical K& can be calculated by using the j3', n, y' and p obtained.
Influence of humic acid concentration on the theoretical Kd is described in Fig. 7, with
experimental K&. As drawn in broken lines, the theoretical K& calculated from Eq. (17)
gradually deviated from the experimental results with increasing humic acid concentration.
On the other hand, as drawn in the solid lines calculated from Eq. (18) with the optimized y '
^A 1
and p, the humic acid concentration dependency of theoretical K& for Np, Pu and Am
could well reproduce the experimental results.

10
20
30
40
50
Humic acid after the sorption (mg/dm3)

0

10

20

30

40

50

60
3

Humic acid after the sorption (mg/dm )

0

60

10
20
30
40
50
Humic acid after the sorption (mg/dm3)

60

Fig. 7 Influence of humic acid concentration on Ka of radionuclide for the ando soil;
Solid lines: K& calculated from Eq. (18),
Broken lines: Xj calculated from Eq. (17),
• , A, M:Ki obtained in the sorption experiments.
The fact, which the theoretical K<i calculated from Eq. (18) well agreed to the
experimental Ka, supports that influence of the sorption of humic acid on the sorption ability
of solid phase can be described by y (KdH [HL]/.
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6. CONCLUSIONS
Sorption experiments of 237Np(V)O2+, 238Pu(IV)4+ and 241Am(m)3+ onto the coastal
sand and the ando soil in the presence of humic acid have been performed by a batch system.
The distribution coefficient of 237Np for both soils was not affected by the presence of
humic acid, since 237Np much little interact with humic acid. The distribution coefficient of
241
Am for both soils decreased as the humic acid concentration increased. Also the
distribution coefficient of Pu for the coastal sand decreased with increasing humic acid
concentration. On the other hand, the distribution coefficient of 8Pu for the ando soil in the
presence of humic acid was larger than that in the absence of humic acid, in the humic acid
concentration range below 5 mg/dm3, although it decreased with increasing humic acid
concentration over 5 mg/dm3. These results suggest that the effects of humic acid on the
distribution coefficient are various among the three radionuclides. Sorption equilibrium
models were proposed to estimate the distribution coefficients of Np, Pu and Am in the
presence of humic acid, hi the present models,
(1) Sorption of the radionuclide itself on the soils.
(2) Complexation of the radionuclide with humic acid in the aqueous phase.
(3) Sorption of humic acid itself on the soils.
(4) Sorption of humic complex of the radionuclide on the soils,
were discussed.
The distribution coefficient of the three radionuclides for the coastal sand could be
evaluated by the sorption equilibrium model taking account of the effect of complexation only
in aqueous phase. On the other hand, the distribution coefficient of the three radionuclides
for the ando soil could be evaluated by the sorption equilibrium model taking account of the
effects of the sorption of both humic acid itself and humic complex of the radionuclide on the
value of the distribution coefficient, besides complexation in aqueous phase.
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CONDITION
S-NAGAO^T.TANAKA1, Y.NAKAGUCH12, Y.SUZUKI2, K.KRAKI 2 and H.OGAWA1
1

Department of Environmental Safety Research,
Japan Atomic Energy Research Institute,
2-4 Shirakata Shirane, Tokai, IbaraM 319-1195, Japan.
2
Faculty of Science and Technology,
Kinki University,
3-4-1 Kowakae, Higashi-Osaka, Osaka 577-8502, Japan.
Abstract
Molecular size distribution of Pu and Am in the presence of groundwater fulvic acid was
studied in an ionic medium of artificial seawater by ultrafiltration technique. The 80% of Pu
was mainly associated with the fulvic acid having molecular size fraction less than 5,000
daltons. The molecular size distribution of Pu was almost similar with that of fulvic acid. The
results indicate that the complexation of Pu depends on the percentage of each molecular size of
fulvic acid. On the other hand, 34% and 54% of Am were found in molecular size of more than
0.45 um and less than 30,000 daltons, respectively. Am was selectively complexed with fulvic
acid having molecular size of 30,000-10,000 daltons at seawater condition.
Introduction
Natural organic materials present in groundwater, especially humic substances (humic
and fulvic acids), which are complex mixtures of high-molecular-weight organic compounds,
could affect radionuclide mobility by changing the solubility and sorption properties of
radionuclides through complexation and redox reactions1'3). In performance assessment
activities, therefore, it is important to have knowledge of the characteristics of humic substances
(occurrence, mobility, complexing properties for radionuclides, etc.) to predict the fate of
radionuclide migrations in underground layer.
The complexation studies of humic/fulvic acids with actinides has been investigated by
numerous laboratories. However, most investigation are conducted under conditions in which
concurrent reactions such as carbonate complexation and hydrolysis are excluded. In aquifer
systems, the carbonate ion is known to compete effectively with humic substances for metal ion
complexation4). Characterizing and understanding the effect of carbonate complexation and
hydrolysis on the fulvate complexation of actinide ions are of pivotal importance for accurate
geochemical modeling of actinide behavior at saline condition.
The present study was reported for the binding properties of Pu and Am with
groundwater fulvic acid in artificial seawater at pH 8-9 and ionic strength of 0.75M. To
understand the complexation, molecular size distribution of Pu and Am in the presence of fulvic
acid was studied by ultrafiltration method.
Materials and methods
Materials

Brownish saline groundwater was collected at Mobara in Chiba Prefecture, Japan.
Chemical composition of the groundwater was given in Table 1. Chemistry of the groundwater
was almost similar with that of seawater. Humic substances were isolated from 600 L of the
groundwater by XAD extraction method5). The groundwater sample after the adjustment of pH
1.5 was flow into the column packed with Amberlite XAD-8 resin. The humic substances
adsorbed on the resin were desorbed by NaOH solution. The alkali solution was acidified to pH
1.5 with HC1 to precipitate humic acid. The remaining solution containing fulvic acid was
passed through the XAD-8 column. The fulvic acid was purified by immobilizing their acidified
solution on XAD-8 resin. The fulvic acid was then extracted with 0.1M NaOH solution and
-
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passed through a column of hydrogen saturated AG MP-50 cation exchange resin to convert the
fulvic acid to its hydrogen form. The purified humic acid and fulvic acid were freeze-dried for
chemical analysis and complexation experiment.
In the present study, we used the fulvic acid because of major fraction of humic
substances in most of colorless groundwater. The contents of C, H, N and O were 50.8%,
4.7%, 2.5% and 42.0%, respectively. The carboxylic content, estimated from 13 C NMR
spectrum of the fulvic acid, was 6.4 meq/g.
Table 1. Chemical composition of the saline groundwater sample.
3
Ca2+ Mg 2+ ClSample
pH
Na+
SO42" HCO3- DOC Abs. a
(mg/L)
Mobara
7.9 10700 3020
229
315 18800
22
903
55.7 0.777
Data was taken from Kamei6)a
This work: Abs.= Absorbance at 280 nm. The DOC concentration was measured by a
Shimadzu TOC-5000 TOC analyzer.
Preparation ofactinide tracers andfulvic acid solution
Stock solution of Pu was prepared by diluting 238Pu nitrate (obtained from CEA/LMRI)
with distilled water. In the case of Am, stock solution was prepared by diluting 2 4 1 Am nitrate
(CEA/LMRI) with distilled water and then adjusted to pH 4 by dilute NaOH solution. Artificial
seawater was made according to the method of Tsunogai and Noriki7). Stock solutions of fulvic
acid were prepared by dissolving 10 mg of the purified fulvic acid in artificial seawater and
0.01M NaClO4 solution. These solutions were made upto 100 mL and adjusted to pH 8.
Complexation procedure
Complexation experiments for Pu and Am with the fulvic acid were carried out by batch
method. Pu and Am tracer solutions were added to the fulvic solutions adjusted to the
concentration of 10 mg/L at ionic strength of 0.75M (artificial seawater) and 0.01M (NaClO4
solution as a reference). The initial concentrations of 238 Pu and 241 Am were 6.7xlO"^M and
7.6X10~9M, respectively. The solutions were shaken in an oven at 25 "C for 7 days. After the
reaction time, the solution was filtered with 0.45um Millipore filters and measured for pH.
Molecular size distribution of these nuclides in the groundwater was estimated by using
ultrafiltration technique. The ultrafiltration was sequentially carried out with ultrafilters,
Millipore Ultra Free CL, with molecular weight cut-off of 100,000 (100k), 30,000 (30k),
10,000 (10k) and 5,000 (5k) daltons. The concentration of radioactivity in each size fraction
was measured by a Packard Tri-Carb 2550 liquid scintillation counter. The amount of fulvic
acid was determined spectroscopically at ultraviolet wavelength of 280 nm. The percentage of
each size range of Pu, Am and fulvic acid was estimated on the basis of the measurements of
radioactivity and absorbance.
Results and discussion
Validity on molecular size separation ofactinides
Validity on size separation of actinides in the presence of humic substances by
ultrafiltration was checked for Am in the presence of the groundwater humic and fulvic acids at
pH 6-7 and ionic strength of 0.01M. In the absence of humic substances, more than 80% of
Am was retained by the filters with 0.45jim. However, in the presence of humic substances,
about 90% of Am was passed through the 0.45um filters due to the association with humic
substances (Table 2). The dominant molecular size of Am was 30k-10k daltons, but there is
small difference in the size distribution of Am complexes with fulvic and humic acids.
The simple centrifuge ultrafilters contain a very small amount of sodium azide and
glycerin to protect microbial activity. Therefore, we checked the artificial effect on ultrafiltration
of Am by using the prewashed and nonwashed ultrafilters. Distilled-ion exchanged water was
put into the ultrafiltration unit, and then the unit was centrifuged at the similar condition with the
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ultrafiltration. The prewashing procedure was carried out just before the ultraflltration of Am.
As shown in Table 2, there was no difference in the distribution of Am-humus complexes
between the prewasbing and nonwashing on the ultrafiltration filters. These results indicate that
the artificial effect on ultrafiltration of Am-humus complexes may be smalL
The percentage of Am fractionated by ultrafilters almost agreed with each molecular size
fraction at fulvic and humic acid systems (Table 2). Standard deviation of molecular size range
of 30k-10k daltons (dominant molecular size fraction) was 48±7% for the Am-fulvate
complexes and 54±4% for the Am-humate complexes at six measurements. Reproducibility on
the size separation by ultrafiltration technique was enough to understand the size distribution of
actinide-humus complexes.
Table 2 Variation of size distribution of Am in the presence of fulvic (FA) and humic acids
(HA).
Sample

pH

Size fraction of Am (%)

>0.45um 0.45um-100k 100k-30k
30k-10k
daltons
Am-MobaraFA 7.0* 5.3±0.2 7.9±1.1 10.8±1.5 48.4±4.6
7.0** 5.2±0.9 6.9±0.2
4.1±0.7 45.7±7.7
5.9** 0.9±0.9 12.5±1.0
2.4±1.4 49.7±6.6

10k-5k

<5k

20.7±2.1 7.1±2.4
24.3±9.4 14.0±2.2
22.2±4.0 12.6±3.0

Am-MobaraHA 7.0* 1.5±1.5 15.0±0.7 24.5±0.8 49.8±2.2 24.3±9.5 1.8±0.7
7.0** 0.0±0.0 15.7±0.0 10.3±1.9 57.7±1.3 12.6±1.2 3.8±0.6
6.6** 8.9±0.4 13.3±4.0 18.8±3.6 54.7±0.5
4.4±0.4
0.0±0.0
* Ultrafiltration with ultrafilters prewashed by distilled-ion exchanged water.
** Non-treatment
The concentration of fulvic and humic acids was 10 mg/L in 0.01M NaClC>4 solution. The
percentage of each size fraction was averaged ones in duplicate samples.
Molecular size distribution ofactinides in the absence and presence of fulvic acid
a) Plutonium
The molecular size distribution of Pu in the absence and presence of groundwater fulvic
acid in artificial seawater (ionic strength of 0.75 M) and 0.01 M NaClC>4 solution at pH 8 was
shown in Figure 1. In the absence of fulvic acid, the 70-80% of Pu was retained by the 0.45um
filters, but 20-30% of Pu was found in the molecular size of less than 5k daltons. The Pu in
this fraction was passed through the ultrafilters with 3k daltons. At the experimental pH, Pu
may occur hydrolysis on the basis of the estimation from kinetic data*). There is no difference
in the molecular size distribution of Pu between the artificial seawater and NaClC^ solutions.
On the other hand, the molecular size distribution of Pu in the presence of fulvic acid was
different from solution conditions. The 80% of Pu in artificial seawater was found in the
molecular size of less than 5,000 daltons. At ionic strength of 0.01M, about 25% of Pu was
found in three molecular size fractions as follows: >0.45um, 10k-5k daltons and <5k daltons.
The difference in size distribution of Pu at both chemical conditions appears to be related to the
molecular size distribution of fulvic acid. The correlation factor of size distribution between Pu
and fulvic acid was 0.99 from the least square method.
2) Americium
The size distribution of Am, Am-fulvate complexes and fulvic acid in artificial seawater
and 0.01M NaClC>4 solution was shown in Figure 2. In the absence of the fulvic acid, major
part of Am (83-86%) was found in molecular size fraction more than 0.45um. In the presence
of the fulvic acid, Am was found in more than 0.45um (34%) and less than 30k daltons (55%)
at seawater system, though paniculate forms of Am was only 5% at NaClO4 system. The size
distribution of Am complexes less than 30k daltons were relatively similar with seawater and
NaQC)4 solution systems. The 80% of fulvic acid was found in molecular size of less than 5k
-
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daltons. The correlation of molecular size distribution between Am-fulvate complexes and
fulvic acid appeared to be poor.
100
a? 75

(a)

df 50
25
108 (b) Pu in the presence o^ futvic acid
3? 7 5
~
Q_

50

25 f
75 ,{c) FuMc acid

1

1

25

•2 o

0.01 M NaCIO4

Artificial seawater (0.75M)

Figure 1. Molecular size distribution of Pu in the absence and presence of fulvic acid and its
size distribution in NaCl&t solution (leftpanels) and artificial seawater (right panels). The ionic
strength was 0.75 M for the seawater and 0.01 M for the NaClC>4 solution. The pH of sample
solutions was 7.4-8.6. The symbols of molecular size ranges were as follows: Q >0.45um,
H 0.45um-100k daltons, B 100k-30k daltons, 0 30k-10k daltons, M 10k-5k daltons and •
<5k daltons.
100

(a)

Am

% 50
25

<

1
^" 75
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< 25
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75
50
25
u_ 0

_ (b) Am in the presence of fulvic acid

l(c) Fulvic acid

0.01 M NaCIO4

Artificial seawater (0.75M)

Figure 2. Molecular size distribution of Am in the absence and presence of fulvic acid and its
size distribution in 0.01M NaClO4 solution (left panels) and artificial seawater (right panels).
The pH of sample solutions was 7.8-8.6. The symbols of molecular size ranges were as
follows: • >0.45um,H 0.45um-100k daltons, • 100k-30k daltons, 0 30k-10k daltons, S
10k-5k daltons and • <5k daltons.
Complexation properties ofPu and Am with fulvic acid at saline condition
The molecular size distribution of Pu- and Am-fulvate complexes in artificial seawater
was different from that in 0.01M NaClQt solution (Figure 1 and 2). In the case of Pu, the
percentage of Pu in the lower molecular size (<5k daltons) in artificial seawater was four times
-
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higher than that in 0.01M NaCl.04 solution. On the other hand, Am-fulvate complexes retained
by the 0.45um filters was 34% at seawater system, but 5% at NaC104 system. Takahashi et al
9
) have shown that stability constant (log P) of Am with humic acid exponentially decreased
with increasing ionic strength. The formation of particulate Am may be explained by ionic
strength dependency of log p. However, particulate forms of Pu in the presence of fulvic acid
was only 3% at seawater system.
We discussed the effects of competitive reaction by calcium and carbonate ions, and of
size selective complexation with fulvic acid on variation of molecular size of actinide-fulvate
complexes at both solutions. Because these information is available to understand the
complexation properties of actinides with fulvic acid at saline condition,
a) Effects of calcium and carbonate ions
Choppin10) has pointed out that the binding of calcium to humic substances reduced the
Am-humus complexes. Takahashi et al11) have shown that log |3 of Am-humate complexes
decreased with increasing the calcium and magnesium concentrations. Li the present study, the
concentration of calcium and magnesium ions was 420 mg/L and 1300 mg/L, respectively.
Therefore, Am present in molecular size of more than 0.45um may be formed by complexation
of fulvic acid with calcium and/or magnesium ions.
Complexation of Am by carbonate ion was the principle competitor to humic substances
in natural waters10). The concentration of carbonate ion in seawater is almost 100 mg/L7). If
Am is complexed with carbonate, Am is dissolving in seawater. However, almost 90% of Am
was found in molecular size of more than 0.45um in artificial seawater at blank experiment
(Figure 2). Therefore, effect of carbonate ion on fulvate complexation with Am is considered to
be small. The similar results were observed in contaminated groundwater from Oak Ridge
National Laboratory 12X
Carbonate complexation and hydrolysis of Pu was also principle competitor to humus
complexation with Pu at neutral pH region1), but data on the competitive reaction was scarce for
Pu. Study on size fraction of Pu in the presence of fulvic acid has shown that major part of Pu
present as dissolved forms associated with fulvic acid at seawater system, though Pu in the
absence of fulvic acid was found in more than 0.45pm due to hydrolysis reaction (Figure 1).
Fulvate complexation is considered as one of factors controlling speciation of Pu at seawater
condition. Carbonate complexation with Pu may be slightly influenced to the fulvate
complexation because 20-30% of Pu was found in molecular size of less than 5k daltons at
blank experiment (Figure 1). At the next step, we will evaluate the competitive reaction for Pu
between fulvate and carbonate complexation by carbonate loading experiment under CO2
controlled condition.
b) Variation of molecular size of fulvic acid
Before discussing relationship in molecular size distribution among Pu, Am and fulvic
acid, we checked the variation of size distribution of fulvic acid before and after the
complexation experiment. The results were shown in Figure 3. The percentage of fulvic acid
with molecular size fraction less than 5k daltons was 81% and 71% in the absence and presence
of Am at seawater system, respectively. The maximum variation of percentage in each
molecular size fraction was about 7% on basis of comparison with the molecular size
distribution of fulvic acid at 10 mg/L and 100 mg/L (Figure 3b,c). Therefore, the distribution of
fulvic acid was not significantly changed before and after the complexation experiment with
Am.
It is well known that molecular size distribution of humic substances in solution vary with
ionic strength due to the random coil structure of humic substances13'14). When ionic strength
of the solution containing humic substances increases, molecular size of humic substances
decreases. In the present study, the percentage of fulvic acid with molecular size of less than 5k
daltons at seawater system was two times higher than that at 0.01M NaCKU system. Molecular
size distribution of Pu in the presence of fulvic acid was almost similar with that of fulvic acid.
The correlation factor of size fraction between Pu and fulvic acid was 0.99 from the least square
method. The binding properties with fulvic acid of Pu was controlled by molecular size
distribution of fulvic acid. The association of Pu with groundwater fulvic acid mainly occurred
at lower molecular size fraction (<5k daltons) of fulvic acid at seawater system.
-
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Figure 3. Molecular size distribution of fulvic acid (10 mg/L) in the presence of Am (a), and of
fulvic acid with the concentration of 10 mg/L (b) and 100 mg/L (c) at seawater system. The pH
of sample solutions were 7.9-8.6. The symbols of molecular size ranges were as follows: Ll
>0.45um, H 0.45um-100k daltons, B 100k-30k daltons, ^ 30k-10k daltons, B l0k-5k
daltons and H <5k daltons.
Unlike the Pu complexation, molecular size distribution of Am-fulvate complexes was
different from that of fulvic acid. The percentage of Am with molecular size of less than 5k
daltons was only 9%, though the percentage of fulvic acid was 70% at seawater system. On the
other hand, the 26% and 50% of Am were found in molecular size of 30k-lQk daltons (30%
and 10% of fulvic acid) in seawater and 0.01 M NaC104 solution, respectively. These results
indicate that the binding of Am with fulvic acid had size selectivity, and Am was selectively
completed with, the size fraction range of fulvic acid. The differences in size distribution of Pu
and Am in the presence of humic substances will be evaluated by the combination of
measurement of stability constant, characterization of each molecular size of humic substances,
and using different analytical technique such as column chromatography.
Summary
The effect of high ionic strength on complexation of Pu and Am with groundwater fulvic
acid were studied. The fulvic acid was isolated from brownish, organic-rich and saline
groundwater from Mobara in Chiba Prefecture, Japan. The complexation experiment was
carried out in artificial seawater at pH8, ionic strength of 0.75M, and fulvic concentration of 10
mg/L. The binding of Pu and Am to the fulvic acid was studied by ultrafiltration method. The
dominant molecular size fraction of Pu and Am in the presence of fulvic acid was less than 5k
daltons (80%) and 30k-10k daltons (26%), respectively. The percentage of Pu in the dominant
fraction was 4 times higher than that in 0.01M NaClQ* solution, but 2 times lower for Am. The
variation on size distribution of Pu is considered to be due to the variation of molecular size of
fulvic acid. On the other hand, Am was selectively complexed with fulvic acid having molecular
size of 30k-10k daltons.
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Abstract
As the main parts of a cooperative research project on safety assessment method for shallow land
disposal of low level radioactive wastes between the China Institute for radiation Protection (CIRP)
and the Japan Atomic Energy Research Institute (JAERI), field migration tests investigating the
migration of radionuclides ^Sr, 237Np and 23SPu and stable elements Sr, Ce, and Nd in both
aerated zone and aquifer are carried out. 3H and Br are used as tracers to obtain the water flow
velocity in the aquifer and the movement of moisture water in the aerated zone for radioactive and
non-radioactive tests, respectively.
The aerated zone migration tests are carried out with media including soil, bentonite, cement
block and motar in both natural rainfall condition and artificial rainfall condition.
The aquifer migration tests are carried out with assemblies ( Type I), experimental frame
(Type II) and injection tube (Type III), respectively, in an Underground Research Facility (URF).
The aerated zone migration tests were started in May, 1997, while the aquifer migration tests
started in August 1997.
1. Introduction
A cooperative research project on safety assessment method for shallow land disposal of low level
radioactive wastes between the China Institute for Radiation Protection (CIRP) and the Japan
Atomic Energy Research Institute (JAERI) is underway. In the framework of the project, field
migration tests investigating the migration of radionuclides ^Sr, 237Np and 238Pu and stable
elements Sr, Ce, and Nd in both aerated zone and aquifer are carried out. 3H and Br are used as
tracers to obtain the water flow velocity in the aquifer and the movement of moisture water in the
aerated zone for radioactive and non-radioactive tests, respectively.
The aerated zone migration tests are carried out with media including soil, bentonite, cement
block and motar in both natural rainfall condition and artificial rainfall condition.
The aquifer migration tests are carried out with assemblies ( Type I), experimental frame
(Type II) and injection tube (Type III), respectively, in an Underground Research Facility (URF).
The aerated zone migration tests were started in May, 1997, while the aquifer migration tests
started in August 1997. This paper introduces the plan and progress of the field migration tests.
2. AQUIFER MIGRATION TESTS[1]
2.1 The Underground Research Facility
The aquifer migration tests are carried out with an Underground Research Facility (URF)
that situates at CIRP's field test site. The URF consists of one inclind shaft, one gallery, one
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experimental shaft and three experimental vaults. Fig. 1 is the layout of the URF, while table 1
lists the dimensions of the components of the URF.
Table 1. Dimensions of the components of the URF
Component

Length, m

Width, m

Height, m

Inclination

Inclined shaft

62.7

2.8

2.8

26°

Gallery

24

3(small), 5(large)

4(small), 5(large)

2.5(in diameter)

6.0
3.0
3.0

Exp. Shaft
Exp. Vault 1,2
Exp. Vault 3
2.2

6.5
5.0

3.0
3.0

Aquifer Migration Tests
The aquifer migration tests consist of three parts: Assembly test (type I); Frame test (Type II)

and Injection test (Type III). The Assembly test is performed in the experimental shaft, while the
Frame test and the Injection test is performed in vault 1 and 3, respectively.
2.2.1 Assembly Test
The Assembly test is performed in the experimental shaft with undisturbed aquifer medium
columns that were obtained horizontally during the construction of the experimental shaft.
Radionuclides ^Sr,

237

Np and

238

Pu and stable elements Sr, Nd and Ce mixed with quartz sand

were introduced at the middle of the bi-sectioned assembly as radioactive and non-radioactive
sources, respectively. 3H and Br is used to obtain the water flow velocity of the radioactive
Assembly test and non-radioactive Assembly test, respectively. When the test is completed, the
Assemblies will be sliced to obtain the distribution of these tracers in the Assemblies.
2.2.2 Frame Test
The frame test is performed in vault 1 by inserting a stainless steel frame into the aquifer
and introducing radionuclides ""Sr,

237

Np, 238Pu and 3H mixed with quartz sand as tracer source

into the aquifer framed by the frame through a stainless steel tube. Sampling cells attached to
stainless steel tubes were installed along the lower reaches to the source of the water flow
direction. Three dimensional local water flow field could be obtained after obtaining the
breakthrough curves of 3H at different sampling points. Fig. 2 is the structure of the frame and Fig.
3 is the distribution of the sampling cells. When the test is completed, the frame with aquiferous
medium will be dismounted and the aquiferous medium in the frame will be sliced threedimensionally to determine the three-dimensional distribution of the introduced tracers.
2.2.3 Injection Test
The injection test is performed in vault 2 by introducing stable elements Sr, Nd Ce and Br
mixed with quartz sand with a stainless steel tube into the aquifer. Similar sampling system to
frame test is used for obtaining the three-dimensional local flow field around vault 2.
3. AERATED ZONE TEST[2]
3.1 Aerated Zone Test in Natural Condition
The aerated zone test in natural condition is performed at the north part of the field test site.
Pits of 30 cm and 100 cm in depth were dug and the same radionuclides and stable elements were
used to investigate the migration behaviors of them in cement, degraded cement, bentonite and
loess, respectively. Fig. 4 is the arrangement of the test pits.
3.2 Aerated Zone Test in Artificial Rainfall Condition
-

682 -

JAERI-Conf

99-004

In order to accelerate the migration of these radionuclides and stable elements in the above
mentioned materials, artificial rainfall is applied in the artificial rainfall hall. Similar pits were dug
and similar tests are performed in the hall. The arrangement of the test pits is also shown in Fig. 4.
4. RESULT AND DISCUSSION
4.1 Breakthrough Curves of 3H and Br in the Assembly Test
Fig. 5.1 to 5.8 show the breakthrough curves of 3H and Br in different assemblies. Fig. 5.4
indicates that in assembly 5, due to some unknown mechanisms, an unique breakthrough curve is
observed. The reason inducing such a breakthrough curve is under investigation.
4.2 Concentration Distribution of 3H in the Frame Test
Fig. 6.1 to 6.3 show the concentration distribution of 3H at different sampling sections in the frame
test. Further analysis to these phenomena will be carried out recently.
4.3 Concentration Distribution of Br in the Injection Test
Fig. 7.1 to 7.4 shows the concentration distribution of Br at different sampling sections in the
injection test. Further analysis to these phenomena will be carried out recently.
4.4 Concentration Distribution of 3H in Pit 1
Fig. 8 is the concentration distribution of 3H in pit 1.
5. CONCLUSION
The plan and progress of the field test of a cooperative research program between CIRP and
JAERI on safety assessment method for shallow land disposal of low level radioactive wastes is
introduced. Radionuclides ""Sr, 237Np and 238Pu and stable elements Sr, Ce, and Nd are used as
tracers in both the aquifer migration test and the aerated zone migration test. The aquifer migration
test is carried out with three methods: Assembly Test, Frame Test and Injection Test. The aerated
zone migration test is carried out with different testing materials including cement, degraded
cement, Mortar and loess in both natural rainfall and artificial rainfall conditions. The
breakthrough curves of 3H and Br in the assembly test are obtained and problems inducing a
strange breakthrough curves to assembly 5 is found. The concentration distribution of 3H in the
frame test and Br in the injection test at different sampling sections are obtained. Further analysis
to these curves will be conducted recently. The concentration distribution of 3H in pit 1 and Br in
pit 7 are obtained.
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Abstract
The apparent stability constants of Am(III)- and Cm(III)-humate complexes were
determined by dialysis method at ionic strength 0.1 in the pH range from 3.3 to 5.7 under N2
bubbling. The Am(III) and Cm(III) loadings were about 10'7 and 10"'° mol/dm3, respectively.
The concentrations of Am-241 and Cm-242 tracers were measured by a-spectrometry.
It was found that the apparent stability constants were almost identical for both the
Am(IH)-humate and Cm(III)-humate complexes, although the Am(III) loading was 3 order of
magnitudes larger than the Cm(III) loading. The apparent stability constants showed a small pHdependence, increasing from 1046 at pH 3.3 to 1051 at pH 5.7. The ionization of acidic functional
groups of humic acid is possibly the primary factor, responsible for the observed pHdependence of the apparent stability constant.
Above pH 6, the dialysis membrane was no longer permeable to Am(III) and Cm(HI) ions
and the apparent stability constant could not be experimentally obtained. The apparent stability
constants between pH 6 and pH 8.5 were evaluated by considering that both binary metalhumate and ternary metal-hydroxo-humate complexes exist at pHs above 6. It was assumed that
mono-hydroxo-humate complex Am(0H)HA and Cm(OH)HA are the major ternary complexes
that exist below pH 9. The overall stability constants for Am(HI)- and Cm(III)-humate
complexes increased from 1057 at pH 6 to 1072 at pH 8, because of the formation of ternary
metal-hydroxo-humate complexes. This implies that the formation of metal-hydroxo-humate
species is preferred over the formation of hydroxide species.
The apparent overall stability constants, determined in this study can be easily incorporated
into geochemical modeling of trivalent actinide migration. The results of the present study show
that the apparent stability constants determined experimentally at p H ^ 6 do not represent the
complexation properties at higher pHs and the formation of ternary complexes should be
considered in speciation calculations of radionuclides at terrestrial environment.
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I. Introduction
It has unambiguously been demonstrated that humic substances, naturally
existing organic compounds in soil and groundwater, interact with metal ions by
forming rather stable and often soluble complexes0'. One possible consequence of the
complexation of radionuclides with humic substances would be a change in the
migration behavior of radionuclides0 M3). Therefore, the interaction of radionuclides with
humic substances has been the subject of extensive investigations*4'"07'.
Obviously, actinide ions are the most concerned radionuclides in safety
assessment of radioactive waste management. Although a rather substantial amount of
literature on the complexation of metal ions by humic substances is available, it must be
concluded that the number of publication of direct relevance to the actinide ions is
limited. Furthermore the literature appears to be rather scattered, and it is apparently
difficult to obtain consistent data.
Due to the poly-electrolytic nature of HA, it is generally expected that its
binding with metal ion will be dependant on pH, as well as to other factors such as ionic
strength and metal loading01'(18). Such a claim is supported by numerous experimental
results01'

(7H12)

. The main purpose of the present study is to determine the pH-

dependence of the apparent stability constant for complexation of Am(III) and Cm(III)
with humic acid (HA), one of the humic substances.

II. Experimental
1. Materials
Humic acid (HA), obtained from Aldrich Co., was purified and its ash content
was less than 1%. The carboxylic group capacity of the purified HA sample was 4.9
milli-equivalents per gram of HA, determined by direct titration of 0.2 g/1 of HA
solution at 298 K. The maximum slope of the titration curve was chosen as the end
point of dissociation of the carboxylic groups08'. More detailed preparation and
characterization of the HA sample is provided elsewhere(4).
Commercially available 10 [ig of Am-241 foil (about 1.26 MBq) in its oxide
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form (AmO2 deposited on a thin silver foil and sealed by vacuum deposition of
palladium) was obtained from Japan Radioisotope Association. The foil was irradiated
in the hydraulic power rabbit-1 of the Japan Material Testing Reactor (JMTR) for 5
days at an average thermal neutron flux of 1 X 1014 n/cm2s. About 94.5% of the thermal
neutron capture of Am-241 leads to the formation of short life (t1/2 =16.02 h) Am-242
and, 5.0% to long life (t1/2 =152 y) isomer Am-242m. Majority of Am-242 undergoes
p"-decay and transform into Cm-242. Part of Am-242 (~~16%) undergoes electron
capture decay and transforms into Pu-242. Curium-242 has a half life of 162.8 d and
transforms into Pu-238 by a-decay process.
The irradiated specimen was let to be cooled for one year during which the
inventories of most of the short-lived radionuclides including Am-242 were
substantially decreased and the radioactivity of the Cm-242 became approximately
equal to that of the Am-241. Then, the irradiated specimen was dissolved in aqua regia
and, the Am-241 and Cm-242 were extracted according to the separation scheme
described in Appendix 1, Ref. 19. A mixed solution of Am-241/Cm-242 (in 0.1 M
HC1O4) was used as a stock solution in the various stages of experiments.
All other chemicals including HC1, NaOH, NaF, NaC104, HC1O4 and NaOAc,
used in the different experimental stages, were reagent grade chemicals and obtained
from Wako Chemical Industries Ltd. or Kanto Chemical Co. Inc.
2. Procedure
The dialysis method was used to determine the stability constants of Am(III)
and Cm(III)-humate complexes. The stability constants were determined at humic acid
concentrations of 5, 10, and 20 ppm, and at the ionic strength 0.1 (prepared with
NaC104) in the pH range from 3.3 to 5.5 under N2 bubbling. Each experimental batch
used seven cellulose ester dialysis tubes (Spectra Pore Sterile DispoDialyzer 1000
MWCO); six with 2.0 X 10"3 dm3 of the humic acid solution (three pairs of 5, 10, 20 ppm
humic acid solution), and one containing 2.0 X 10"3 dm3 of the humic acid-free blank
solution with 0.1 mol/dm3 NaC104. The blank solution was used to establish if the
Am/Cm(III) ions permeate freely through the dialysis tube. The dialysis tubes were
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immersed in 3.5 X 10'1 dm3 of 0.1 mol/dm3 NaC104 solution in a polypropylene flask.
The Am-241/Cm-242 solution was added to the exterior solution in the separable flask
to yield final Am (III) and Cm(III) concentrations of about 10'7 and 10"10 mol/dm3 over
the entire (interior + exterior solutions) volume, respectively. Then, the pH of the
solution was adjusted to a desired value by the addition of 0.1 mol/dm3 or 1 mol/dm3
solutions of HC1O4 or NaOH. The exterior solution was gently stirred for at least 3 days
in a N2 atmosphere at 298 K. Preliminary kinetic experiments revealed that the
equilibrium was established within this period.
After equilibration, the pH of the solutions were measured and duplicate 1.0 X
3

3

10' dm samples of both the interior and exterior solutions were removed for
radiometry of 241Am and 242Cm. The 241Am and 242Cm were co-precipitated by SmF3 and
collected on a 0.22 (xm filter. The filters were vacuum-dried and the radioactivity of thin
precipitated layer over the filters was measured by an alpha-spectrometry system. Coprecipitation and radiometry of 241Am and 238Cm were described in detail in Appendix 2,
Ref. 19.
The concentration of humic acid in both the interior and the exterior solutions
were measured to establish the extent of the humic acid transfer from the interior to the
exterior solution during the dialysis. The concentration of humic acid was measured at
365 nm with a Shimadzu (UV-160) UV-VIS spectrophotometer. Some correction of the
stability constant might be necessary due to the slight transfer of humic acid to the
exterior solution.

III. Results and Discussion
The interaction between the Am(III) and Cm(III) ions with humic acid and the
apparent stability constant of the Am(III)-humate and Cm(III)-humate complexes are
defined by the following equations:
M(III) + HA = M(III)(HA) ,
„

[M(III)HA]
[M(III)][HA]

'
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where, M(III) represents Am(III) and Cm(III). Implied in Eqs. (1) and (2) are that (1)
the concentration of M(III) ions is much smaller than that of humic acid and, (2) only
1:1 complexes are formed. The term M(III) in equation (2) stands for the free M3+ions,
and hydrolyzed ions like M0H 2+ that may form at high solution pH. Since the
experiments were carried out under N2 atmosphere, no carbonate species exist. In
equation (2), [HA] is the concentration of free humic acid ligands capable of binding
with M(III), and is substantially equal to the initial concentration of humic acid
functional ligands, because the concentration of M(HI) is much smaller than that of
humic acid ([M]/[HA] < 0.01). A carboxylate capacity of 4.89 milliequivalents per one
gram of humic acid, obtained from titration data, was used to operationally define the
humic acid concentration. It must be emphasized that potential binding sites on humic
acid are not limited to carboxylic groups, although these are likely to be responsible for
most of the metal ion binding.
Equation (2) can be rewritten as:
-\og[HA] .
The values

of log P can be obtained

from

(3)
equation

(3), provided

that

[M(III)HA]/[M(III)] is known. The term [M(III)HA]/[M(III)] can be obtained from the
equation,

[M(III)HA]_Cm-Cex
[M(III)]
Ca
where Cin and Cex are the concentrations of HA-bound and non-bound M(III) ions in the
interior and exterior solutions, respectively.
The [HA] in equation (3) is the final concentration of humic acid in the interior
solution which may differ slightly from the initial concentration due to the transfer of
humic acid to the exterior solution or sorption on the dialysis tubes and container wall.
In Fig. 1, the apparent stability constants of Am(III)-humate at three different
HA concentrations are given as a function of pH. Each point on Fig. 1 is the average of
two measurements (one from each of the two dialysis tubes containing HA solutions of
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same concentration). Data for the dialysis tubes where the final concentration of HA in
the interior solutions decreased more than 5%, were discarded. Each data set shows
little dispersion with a standard derivation of less than ±0.10.
The experimental results given in Fig. 1 were slightly corrected for the transfer
of humic acid to the exterior solution by the following procedure: The concentration of
HA-bound M(III) in the exterior solution, [MCIItyHA]^, was calculated by the equation,
/moldm- 3 .

(5)

Once the [M(III)HA]e.x was known, it was used to correct C^ as;
C^r=Ca-[M(.lU)HA]ei

.

(6)

The C" rr was then used to estimate the [M(III)HA]/[M(III)] term in equation
(4). The first estimates of C™"" caused changes up to 5% in the values of
[M(III)HA]/[M(III)]. The data points in Fig. 1 are based on the first estimated values
of C™", as the second estimates of C™rr were not more than 0.5% different from the first
estimates. The data did not corrected for the sorption of M(III) ions onto the membrane
and container wall, because the concentration change resulting from the sorption does
not affect the value of [M(III)HA]/[M(III)]. Meanwhile, the mass balance over M(III)
showed that no more than 10% of the total M(III) ions were adsorbed on dialysis tube
and container walls.
Despite the fact that the Am(III) loading was four order of magnitudes larger
than the Cm(III) loading, the apparent stability constants were almost identical for both
the Am(III)-humate and Cm(III)-humate complexes, as shown in Fig. 2. The immediate
conclusion is that in actual repository condition where the radionuclides concentration
are supposed to be very small, the effects of other predominantly existing competing
ions (such as Ca(II) and Fe(III)) on the apparent stability constants of radionuclides are
likely more important than the effect of radionuclide loading itself.
The apparent stability constants seems to be slightly dependent on humic acid
concentration, as shown for the Am(III)-humate in Fig. 1. They are slightly decreased
with increasing humic acid concentration. However, the standard deviation from an
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average value (obtained by least squares method) is less than ±0.17. The decrease in
apparent stability constants with increasing humic acid concentration is attributed to the
decrease in activity coefficient of the humic acid at higher concentrations.
The apparent stability constants also show a gradual increase with pH. One
should expect that the apparent stability constants show a significant pH-dependence
because, (1) a change in pH affects the ionization of acidic groups and thereby the
number of binding sites on HA(IS)(20) and, (2) a change in the ionization of acidic groups
due to a change in pH may affect the structural configuration of HA molecules(18)> (21).
Unfortunately, major difficulties are encountered in quantitative assessment of the
individual contributions of the ionization of acidic functional groups of HA to the
overall stability constant. Because, determination of the types and concentrations of
functional groups of HA is not usually straightforward and there are many discussions
in the literature regarding this point*20. In addition, the ionization of various functional
groups may overlap significantly. It is generally accepted that carboxylic and phenolic
groups are two major acidic groups of HA (the content of carboxylic groups is likely
higher than that of phenolic groups)(2)> (18). However, due to the poly-electrolytic nature
of HA, it is very unlikely that any two binding sites (even of same type) will be exactly
identical in a given sample'2n. In actual practice, the concentrations of functional groups
are operationally defined and only a portion of the titration curve is analyzed(22). The
following discussion is limited to the effect of ionization of the carboxylic groups and it
is assumed that the ionization of the carboxylic groups does not overlap with that of the
phenolic groups.
The ionization of a carboxylic group functional group of humic acid may
proceed as;
A' + H+

(7)

a = [HA]0

W

Where [HA]0 is the total concentration of the acidic group and, a is the degree of
dissociation of the acidic group and can be obtained from titration data. The reaction
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between the ionized acidic groups and Sr(II) ions can be expressed by,
M(III) + A" = M(ni)(A")

u

(9)

[MjIIDJA)]
[M(III)][A-]

Combining Eqs. (2-28) and (2-39) finally leads to the equation,
log(3 = logKM + l o g a .

(11)

Equation (11) clearly shows the pH-dependence of the apparent stability
constant. An increase in pH from 4 to 6 corresponds to an increase in a from 0.2 to 0.8.
and, if KM does not change with pH, then log P would increase about 0.6, which is
somehow larger than 0.4 obtained from the experiment. Therefore, the increase in
apparent stability constant with pH can be mainly attributed to the increase in the
number of binding sites due to ionization of the acidic functional groups of humic acid.
Given the hydrolysis constants of americium and curium ions, the free
americium and curium ions, M3+ are the only form of M(III) that exist below pH 6 and,
binary M3+HA complex is the only actinide-humate complex that can form.
Above pH 6, the dialysis membrane was no longer permeable to M(III) ions
and the apparent stability constant could not be experimentally obtained. It is likely that
the stability constant of M3+HA complex will no further increase at pH > 6, because the
dissociation of carboxylic groups of humic acid is substantially completed at pH 6. It
does not mean that the apparent stability constant (defined by equation 2) does not
change with pH. Note that the term M(III) in equation (2) stands not only for free M3+
ions, but for hydrolyzed M(III) ions like M0H 2+ that may form at high solution pH. The
apparent stability constant may change due to a change of chemical form of inorganic
M(III) species.
It is argued that trivalent actinide and lanthanide ions may form mixed
complexes with humic acid and an additional ligand such as OH" or CO32"(23H25). Under
our experimental conditions where no CO32' exists, OH' is the only competing ligand that
may participate in the formation of ternary complexes with M3+ and humic acid.
Contrary to the results of Dierckx et al.(24) who postulated that mixed
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complexes with hydroxyl ions only occur beyond pH 8.5, Panak et al.(25) reported that
mixed complexes with hydroxyl ions may considerably form at pH lower than 8.5 (but
above pH 6). Panak et al.(25) argued that mono-hydroxo humate complex Cm(OH)HA is
the major ternary complex below pH 9.
In the presence of ternary humate complexes the apparent stability constant,
defined by equation (2), can be rewritten as:
B_

[M(JII)HA] _
[M(III)][HA]~

[MUHA]+[M(OH)HA]
([Mi+]+[M(0H)2+])[HA]

M(OH)2+ is the only hydroxylated species of M(III) that may considerably form below
pH 9. [M(OH)HA] and [M(0H)2+] are given by the equations:
[M(OH)HA]=KM(OH)HA X [M3+HA][OH"]
[M(OH)2+]=p,OH X [M3+][OH"].

(12)
(13)

By substituting of Eqns. (12) and (13) in eqn. (2*),
(POH x[OH-] + l)
where fiM

HA

=

3+

— is the apparent stability constant of M3+HA at pH > 6. If the

values of /J^lf 4 , (5OH and KM(OH)HA are known, then the apparent stability constant
of M(III)-HA at pH > 6 can be estimated by Eqn. (2**). We assumed that the apparent
stability constant of M3+HA at pH > 6 is constant and equal to that at pH 6 (1051,
determined from Fig. 1). The value of log KCm(0H)HAhas already reported by Panak et al.
(1996) to be 6.94±0.04. The hydrolysis constant for M3+has been reported as: /J,°" =
6.0(26). The apparent stability constant at pH > 6, estimated by Eqn. (2**), is shown in
Fig. 2. The fitting curve is a second-order polynomial function obtained by the least
squares method with a standard derivation of±0.1. The correlation was made only for
the sake of easy incorporation of data into geochemical modeling codes and has no
chemical significance.
The apparent stability constant given by Eqn. (2) quantitatively describes the
strength of metal-humate binding in the simplest way. It was assumed that humic acid
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behaves as well-defined low-molecular-weight monomer ligands. In reality, humic acid
is an extremely heterogeneous ligand with respect to molecular weight and content of
functional groups. Although the apparent stability constants may not be particularly
representative of reality, they can be easily incorporated into geochemical modeling
codes. Fish et. al.(27) and Turner et. al.(28) concluded that they may be the best for
quantitative analysis.

IV. Conclusions
The pH dependence of the apparent stability constants of Am(III)-humate and
Cm(III)-humate complexes at the ionic strength of 0.1 M (prepared by NaC104) were
studied by the dialysis method. The apparent stability constant for Am(HI)-humate and
Cm(III)-humate complexes were almost identical and, were increased from 1046 at pH
3.3 to 105 at pH 5.5. It is likely that the observed pH-dependence of the stability
constant is caused by the ionization of acidic functional groups of HA with increasing
pH.
The apparent stability constants between pH 6 and pH 8.5 were evaluated by
considering that both binary metal-humate and ternary metal-hydroxo-humate
complexes exist at pHs above 6. It was assumed that mono-hydroxo-humate complex
Am(0H)HA and Cm(OH)HA are the major ternary complexes that exist below pH 9.
The overall stability constants for Am(III)- and Cm(III)-humate complexes increased
from 1057 at pH 6 to 1072 at pH 8, because of the formation of ternary metal-hydroxohumate complexes. This implies that the formation of metal-hydroxo-humate species is
preferred over the formation of hydroxide species.
The values of the stability constants indicate that in most of natural aquifer
system where pH is 5-9 and humic acid concentration is less than 10"4 M, in the absence
of other complexing ligands and at tracer level concentrations of radionuclide ions, the
majority of trivalent radionuclide ions are associated with humic acid.
The results of the present study show that the apparent stability constants
determined experimentally at pHS=6 do not represent the complexation properties at
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higher pHs and the formation of ternary complexes should be considered in speciation
calculations of radionuclides at terrestrial environment.
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Concluding Remarks
Atsuo Kohsaka
Deputy Director General of Tokai Research Establishment,
JAERI
Ladies and gentlemen, Good evening.
As introduced, my name is Atsuo Kohsaka, Deputy Director General of
Tokai Research Establishment of JAERI. It is a great pleasure and honor for
me to make concluding remarks for this symposium, NUCEF '98.1 think the
symposium has successfully been finished with many interesting
presentations and also active discussions. I would hke express much
appreciation to those who made variable contribution to the symposium and
also so many participants, which I now counted unexpected number, up to
250 people. It's quite a big number. Thank you very much, and especially I
would hke to thank for foreign guests who came to Japan over such long
distances.
In this symposium, 68 papers were presented and followed by active
discussions in three main topics, Criticahty Safety, Reprocessing and
Partitioning, and Waste Management.
Concerning the Criticality Safety, recent results of STACY and TRACY of
NUCEF experiments were presented and discussed, as well as that of the
Criticality Safety Benchmark Evaluation Project. Further, it has been shown
that burn-up credit study is important for practical use in NUCEF.
Reprocessing and Partitioning were studied excellently using real spent
fuel and high level liquid waste. Research works of new technologies and
basic study of the reprocessing were reported and studies in French SPIN
program were also reported. It has been shown that partitioning will be the
key technology for innovative process for the next century.
Finally, as to the Waste Management of radioactive nuclides, results of
basic waste treatment and waste disposal study are very important, and
they would certainly contribute to the resolution of this world widely
common but very difficult problem.
I sincerely hope that those results produced by using NUCEF facility as
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well as those reported by foreign speakers, would contribute not only to
develop national safety assessment methodology but also to improve the
safety of fuel cycle, and further that the NUCEF would become a center of
facility for safety research relating to the fuel cycle in both domestic and
international cooperations. With this regard, we would like to continue to
host this type of international symposium also in the future.
Now, I would like to declare the closing of this symposium and thank you
very much again to all of you for your participation and your cooperation.
Thank you very much for your attention.
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