Nuclear Forensic Research on Nuclear Fuels for
Signature Identification of Reprocessing
&
New FIU Radiochemistry and other Nuclear Programs

Presentation Outline

• Background on Florida International University (FIU)
• Planned research on enriched uranium oxide fuel to identify
signatures for past chemical reprocessing
• FIU’s developing Radiochemistry, Health Physics, and Applied
Radiological Sciences degree program

Evolution of FIU
1972 opening: 6,000 students

• ~55,000 students
• Among the nation’s 20 largest universities
• Multi-campus university on 579 acres

About FIU
• Carnegie Doctoral
Comprehensive
Research (H) Institution
• Top producer of
Hispanic graduates in
the US
• Third ranked producer
of minority
undergraduate degrees
• Ninth ranked producer
of minority graduate
degrees
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About FIU
• 202 different B., M., and Ph.D. degree programs in 22 colleges and
schools

• 4,000 + employees, among Miami-Dade County's 20 largest employers
• Economic impact of more than $2.7 billion on the South Florida
economy

• Sponsored research funding from outside sources >$100 million
• Operating budget of ~$1 billion

FIU Research Centers & Institutes
performing R&D
• Over 30 research centers and institutes at FIU
• Over 420 laboratories, high bays or other research spaces
• The Applied Research Center (ARC) is a soft money center at FIU
• ARC Mission Statement
•
•
•
•

Solve complex issues in environmental stewardship, energy security and
defense technology through innovative, cooperative research
Apply entrepreneurship in serving our clientele and ensuring sustainability
and growth
Provide unique mentoring and internship opportunities to the students of FIU
Develop and maintain an internationally-recognized, proficient and diverse
workforce
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Technical Background
• Uranium is chemically purified from two major isotopes: uranium235 and uranium-238
• Natural uranium contains 0.7% uranium-235, which is enriched to 3
- 5 % and >95% uranium-238
• Some of the U-238, a fertile non-fuel material, is converted into
plutonium-239 – a fissile fuel that produces heat.
• Fuel is discharged from the reactor as used nuclear fuel (UNF), half
of the energy generated is from the fission of plutonium-239 that is
created in the reactor
• UNF typically contains ~0.8% uranium-235, ~ 1% plutonium, ~ 5%
fission products, and uranium-238.

Technical Background
• PUREX method, fuel rods are dissolved in HNO3 to separate uranyl
nitrate from plutonium. The uranyl nitrate, UO2(NO3)2·6H2O
produced can be heated at 400 °C to yield UO3, which is reduced to
uranium dioxide and can be used in new MOX fuel rods.
• Ammonium diuranate or sodium diuranate (Na2U2O7·6H2O) also
known as yellowcake, may be decomposed to uranium trioxide.
• During enrichment of uranium, intermediates such as uranium
dioxide and uranium tetrafluoride may end up in uranium
hexafluoride.
• Nitrates and other fluorides could be potential targets for forensic
detection.

Different methods of generating
uranium trioxide

Solubility of uranyl hydroxide in water at 25 -350 °C.

Fields of stability in the UO3-H2O system at 50 °C
(solid lines) and at 200°C (broken lines); 1- UO2(OH)2
+
2+
2+
(cr); 2 - UO2 ; 3 - (UO2)2(OH)2 ; 4 - UO2OH ; and 5
- UO2(OH)°2

Introduction
• Aqueous and non-aqueous processes are being developed worldwide for the
reprocessing of UNF
• Need for review of the thermodynamics and kinetics that impose challenges to
aqueous reprocessing methods Fundamental properties of UO2, such as ionic
conductivity and surface oxide structure, are still poorly understood.
• Proposed work would both progress the fundamental understanding of UO2 and
address the specific requests of the Department of Homeland Security.
• Provide an understanding of the thermodynamics of uranium conversion,
enrichment and fuel fabrication; and the kinetics of reactions and insight on
approaches for reprocessing of UNF
• Potential benefit to Westinghouse, the provider of sintered pellet and loose powder
UO2

Motivation
• Although very significant experimental and development work has been
conducted worldwide, few results are available in the open literature today
concerning plutonium recovery—even fewer for the minor actinides—and
spent salt management.
• An initial review of the thermodynamics and kinetics that impose challenges to
aqueous reprocessing methods is appropriate.
• Options for reprocessing of UNF: reaction media -fluorides or chlorides
• “Room-temperature” ionic liquids, currently a subject of significant interest
• Other technologies for processing UNF include electrolysis and liquid metal
extraction

Experimental Approach

Experimental Approach
PUREX type Reprocessing and Reconstitution on Nuclear Fuel (Westinghouse) and
mixed oxide containing Pu surrogates
Nuclear Fuel from Westinghouse and simulants containing ZrO2 and CeO2 (2-25% w/w) as
surrogates for Pu, will undergo the PUREX extraction sequence in small scale:
-1) Fuel Dissolution in 7M Nitric Acid
-2) Combined U/Pu-surrogate extraction into kerosene by tribytylphosphate
-3) Selective redox stripping of Pu surrogates by ferrous sulphamate
-4) 0.2 M Nitric Acid back-extraction to recover U into the organic phase
-5) Oxide crystallization and purification
-6) Identification of Fe(III) and sulphamate impurities in miniscule amounts as a forensic
characterization tool of PUREX-type reprocessing
-7) Identification and quantitative determination of nitrates that could be sensitive to
PUREX type reprocessing.

Experimental Approach
Theoretical calculations provide insight in thermodynamics and the mechanisms of chemical
reactions which may be involved in UNF reprocessing
- Calculations are essential for assigning of spectroscopic (XPS) and mass spectrometric
experimental data to particular chemical structures in the reprocessed UO2, both in the bulk and on
the surface.
- IR, Raman, and UV-VIS spectra of UO2 can significantly shift due to chemical reprocessing and
the quantum chemical calculations will allow determination of the trends in these spectral changes
which can be verified by corresponding spectroscopic measurements.
- Mass spectrometry detection of various ions from the surface of reprocessed UO2 pellets or
powder will be enhanced by quantum chemical calculations of the structural and thermodynamical
properties of possible candidates, such as Un+, (UO)n+, (UO)nO+, (UO2)n+, (UO2)nO+, (UO2)nO2+,
(UO2)nO3+, and their ‘contaminated’ counterparts, which may appear due to reprocessing and
containing CeO2 and/or chemical functional groups originating from solvent extractants.

Structural and compositional characterization of metal oxide pellets and oxides
using surface-based mass spectrometry.

Dual beam Bi3 and Ar1000 3D profiling coupled to
a TOF SIMS

NP beam coupled to FTICR-SIMS instrument
developed at Dr. Fernandez-Lima laboratory

Ion beam analysis techniques, in particular TOF-SIMS and FTICRSIMS, will be used for the 3D dimensional characterization (2D and
depth profile) of metal oxides (e.g., UOx and UOx:Ce).

Structural and compositional
characterization of metal oxide pellets and
oxides using surface-based mass
spectrometry.
Typical series:
Un+;(UO)n+;(UO)nO+;(UO2)n+;

Counts

1000

Each analysis will consist on the
characterization of the stoichiometry
and identification of the molecular
components at trace levels and
unambiguous identification due to
the high mass resolution provided by
the FTICR-SIMS (unique instrument
developed at Dr. Fernandez-Lima
laboratory with SOA mass
resolution).

(UO2)nO+; (UO2)nO2+;(UO2)nO3+
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Figure. Typical positive ion mode TOF-SIMS spectra of uranium oxide powder showing the different oxide forms
and impurities.

Structural and compositional
characterization of metal oxide pellets and
oxides using surface-based mass
spectrometry.

In addition, 3D analysis (with ~200-400 nm
resolution) will permit the generation of
molecular ion maps for the metal oxide
pellets and metal oxide particulates (10-450
µm sizes). Due to the differences in
treatment and extraction methods, unique
3D pattern distributions and trace molecular
composition fingerprints are expected.

Figure. Typical positive ion mode TOF-SIMS secondary ion image of a particle (inorganic)
on top of a collecting filter (cotton based)

FIU Chemical Sensing and
Separations (CSS) Group
 CSS Professors:
Konstantinos Kavallieratos, Alexander Mebel, Raphael Raptis, Francisco
Fernandez-Lima, Bruce McCord
 CSS Group is designing molecular sensors for targets of national security
based on coordination and supramolecular chemistry principles:





Toxic Metals
Explosives
Chemical Warfare Agents
Nuclear Fuel Processing

FIU CSS Group










Synthesis, including inert atmosphere
NMR spectroscopy (600 and 400 MHz)
Mass Spectrometry including ICP-MS, APCI-MS and ESI-MS
UV-Vis and Fluorescence Spectroscopy
FT-Infrared Spectroscopy
Electrochemistry
Calorimetry
X-ray Crystallography
Computational methods

FIU CSS Group
Combining solvent extraction and ion exchange with coordination offers opportunities
for selective sensing of ion-pair combinations, of importance to Nuclear Security.

Potential for co-extraction/
combined sensing of multiple
species through ion pairing

Optical or Electrochemical Response

K. Kavallieratos et al. J. Am. Chem. Soc. 2005, 127, 6514

Nitrate Detection: A Dual-host
Extraction based Paradigm
in Sensor Design:
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Dual–host sensing strategy can readily be
expanded for Positive Identification of Nuclear
Fuels and Nuclear Fuel Cycle Processes
(e.g. Fe(III) sulphamate and TBP for PUREX)

Dr Rafael Raptis
X-Ray Crystallography Lab
http://chemistry.fiu.edu/faculty/raphael-raptis/
Research interests
– Structure-property relationships in inorganic and
bioinorganic systems.
– Polynuclear complexes, redox-activity, MRI contrast
agents, nanoparticle catalysts.
Main techniques & instrumentation

UV-vis-NIR

Mössbauer

Inorganic synthesis, inert atmosphere, X-ray
crystallography, electrochemistry,
spectroelectrochemistry.
X-ray crystallography

Recent publications
– E. M. Zueva et al. Dalton Trans. 43, 11269 (2014).
– G. Yang et al. Micropor. Mesopor. Mat., 183, 62 (2014).
– M. Mathivathanan et al. Cryst. Growth Des. 13, 2628
(2013).

Cyclic voltammerty

Magnetics

Dr Rafael Raptis
X-Ray Crystallography Lab
http://chemistry.fiu.edu/faculty/raphael-raptis/

• Bruker D8 QUEST single crystal diffractometer.
• PHOTON CMOS detector.
• Oxford cryostat.

FIU Nuclear Board of Advisors

• Formed 2012
• Chaired by Dr Nils Diaz, former NRC Chair
• 16 member organizations and growing to advocate, partner and
help develop nuclear at FIU, includes:
– LANL, SRNL, ORNL, Univ Mich, MIT, Columbia, AREVA, Southern
Co., Westinghouse, Hitachi, SCUREF, . . .

Radiochemistry, Health Physics,
and Nuclear Research
CURRENT STATUS:
• FIU has ~$5M of Nuclear related R&D funding currently
• Physics Dept. supports DOE Office of Science, Jefferson Laboratory, several PhD
students
• ARC has 20 yrs R&D for environmental cleanup of nuclear contaminated DOE
sites (30 students/yr)
• Chemistry has research Fellowships and Scholarships grants from NRC (18
students/yr).
• Chemistry NSF REU grant has growing radiochemistry research on it
• A curricula grant from the NRC funded the development of 10 nuclear-related
courses at FIU over last 2 years

Radiochemistry, Health Physics,
and Nuclear Research
CURRENT STATUS (cont’d)
• The new Radiochemistry MS and PhD curricula needs only 1 advanced Radiochemistry
course to be developed
• The BS minor in Health Physics has all courses needed; MS and PhD program also needs
1 additional course to be developed
PATH FORWARD
• Proposal for approval of a Nuclear/RadioChemistry tract (MS & PhDs) in Fall 2015
• Proposal for an Applied Radiological Sciences (ARS) degree program with Masters and
PhDs led by Chemistry and Physics. Program to begin Fall 2016 after approvals. This
would include approved Health Physics and Radiochemistry tracts to begin with.
• Proposal to Physics Dept. for B.S. in Physics with minor in Health Physics
• Proposal for Health Physics tract in Physics for MS and PhD degrees

Concluding Remarks
• Florida International University (FIU) has a broad radiation license that has
grown to numerous radionuclides as over 70 researchers and labs now perform
R&D; FIU expects approval for enriched uranium fuel and trace plutonium by
Jan. 2015, when fuel R&D will begin in earnst
• FIU is growing to over 60,000 students (70% minority) in 2015
• Radiochemistry and Health Physics are 2 emerging R&D areas at FIU; and MS
and PhD students can be accepted now even though tracts are not official until
2015
• FIU students are eager for additional radiological internships and career
opportunities
• FIU has PMPs, corporate contracts, over 200 teaming agreements, and are eager
to provide value added support to future nuclear R&D proposal teams!

