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cycle performance and enable a sustainable fuel cycle, with minimal processing, waste generation, and
potential for material diversion.

MRWFD Mission 

Develop advanced fuel 
cycle separation and 
waste management 
technologies that improve 
current fuel cycle 
performance and enable a 
sustainable fuel cycle, with 
reduced processing, waste 
generation, and potential 
for material diversion. 



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

Material Recovery and Waste Form Development Campaign
Implementation Plan

OBJECTIVES 

 

 

 

 

 

CHALLENGES 

 
 

 

 

 

CAMPAIGN STRUCTURE 

 



2016 ACCOMPLISHMENTS 

 
 
 
 

 



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

T. A. Todd (INL) and J. D. Vienna (PNNL)

INTERNATIONAL ATOMIC ENERGY AGENCY

 
 

 

EU DOE 

Industrial and Engineering Chemistry Research.



2016 ACCOMPLISHMENTS 

CEA DOE 

Online Monitoring

Solvent Degrada on

Radioiodine Separa on and Immobiliza on



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

Radionuclide Release from Glass

Chemical Geology

Glass Waste Form Property Modeling

PEOPLE’S REPUBLIC OF CHINA–DOE 



2016 ACCOMPLISHMENTS 

 
 
 
 

Six Na on Collabora on on Long Term Performance of Glass



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

 
 
 
 

JAEA DOE 

 



2016 ACCOMPLISHMENTS 

OFFICE OF NUCLEAR ENERGY OFFICE OF ENVIRONMENTAL MANAGEMENT COLLABORATION 



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

ACTIVE PROJECTS AWARDED IN 2013 

Lead University Title Principle Investigator 

Texas A&M University Mixed Metal Phosphonate Phosphate Resins for Separation 
of Lanthanides from Actinides 

Abraham Clearfield 

Pennsylvania State 
University 

Glass Composition and Solution Speciation Effects on Stage 
III Dissolution  

Carlo Pantano 

University of Illinois 
at Chicago 

Performance of a Steel/Oxide Composite Waste Form for 
Combined Waste Streams from Advanced Electrochemical 
Processes over Geological Time Scales 

J. Ernesto Indacochea 

Oregon State 
University 

Organic Speciation and Interactions in ALSEP  1 Step 
Partitioning Process of Minor Actinides, Lanthanides, and 
Fission Products 

Alena Paulenova 

Washington State 
University 

Managing Zirconium Chemistry and Phase Compatibility in 
Combined Process Separations for Minor Actinide 
Partitioning 

Nathalie Wall 

University of North 
Texas 

Molecular Dynamics Based Simulations of Bulk/Interfacial 
Structures and Diffusion Behaviors in Nuclear Waste Glasses 

Jincheng Du 

University of Idaho Off Gas Treatment: Evaluation of Nano Structured Sorbents 
for Selective Removal of Contaminants 

Vivek Utgikar 

University of 
California, Davis 

Thermally and Chemically Responsive Nanoporous 
Materials for Efficient Capture of Fission Product Gases 

Pieter Stroeve 
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ACTIVE PROJECTS AWARDED IN 2014 

Lead University Title Principle Investigator 

Rutgers University Apatite  and Sodalite Based Glass Bonded Waste Forms for 
Immobilization of 129I and Mixed Halide Radioactive Wastes 

Ashutosh Goel 

Clemson University A New Paradigm for Understanding Multi Phase Ceramic 
Waste Form Performance 

Kyle Brinkman 

Syracuse University Sorption Modeling and Verification for Off Gas Treatment Lawrence Tavlarides 

Colorado School of 
Mines 

Controlling Hexavalent Americium – A Centerpiece to a 
Compact Nuclear Fuel Cycle 

Jenifer Braley 

University of 
California, Irvine 

Combining Experiments and Simulations of Extraction 
Kinetics and Thermodynamics in Advanced Separation 
Processes for UNF  

Mikael Nilsson 

Georgia Institute of 
Technology 

Zeolite Membranes for Krypton/Xenon Separation from 
Spent Nuclear Fuel Reprocessing Off Gas 

Sankar Nair 

Ohio State University Rare Earth Electrochemical Property Measurements and 
Phase Diagram Development in a Complex Molten Salt 
Mixture for Molten Salt Recycle 

Jinsuo Zhang 

University of Nevada, 
Reno 

Effect of Metallic Li on the Behavior of Metals in Molten Salts Dev Chidambaram 
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ACTIVE PROJECTS AWARDED IN 2015 

Lead University Title Principle Investigator 

Washington State 
University 

Understanding Influence of Thermal History and Glass 
Chemistry on Kinetics of Phase Separation and Crystallization 
in Borosilicate Glass Ceramic Waste Forms for Aqueous 
Reprocessed High Level Waste 

John McCloy 

University of 
Nevada, Las Vegas 

Purification of Zirconium Cladding Using a Chloride Volatility 
Process 

Frederic Poineau 

Missouri University 
of Science & Tech 

Phase Separation and Crystallization of Complex Borosilicate 
Melts for Glass Ceramic Waste Forms 

Richard Brow 

Colorado School of 
Mines 

Kr/Xe Separation over Metal Organic Framework Membranes Moises Carreon 

University of 
Tennessee at 
Knoxville 

Purification of Zirconium Tetrachloride from UNF Cladding Craig Barnes 

California State 
University, Long Beach 

Elucidation of the Kinetics of Advanced Separation Systems Stephen Mezyk 

California State 
University, Long Beach 

Building Quantitative Relationships between Ligand Structure 
and Its Reactivity with Organic Radical Species 

Stephen Mezyk 

Pennsylvania State 
University 

Fundamental Electrochemical Properties of Liquid Metals in 
LiCl KCl for Separation of Alkali/Alkaline Earths (Cs, Sr, and Ba) 

Hojong Kim 
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ACTIVE PROJECTS AWARDED IN 2016 

Lead University Title Principle Investigator 

Colorado School of 
Mines 

Overcoming Kinetic Barriers to Actinide Recovery in ALSEP Mark Jensen 

Florida International 
University 

Americium Separation by Electrochemical Oxidation Chris Dares 

Syracuse University Mechanistic Understanding of Silver Sorbent Aging 
Processes in Off Gas Treatment 

Larry Tavlarides 

University of Idaho Advanced Electrochemical Separations of Actinide/Fission 
Products via the Control of Nucleation and Growth of 
Electrodeposits 

Batric Pesic 

University of 
Nevada, Reno 

In Situ Raman Spectroscopy for Determining Actinide 
Speciation and Concentration 

Dev Chidambaram 

University of Utah Immobilization of High Level Waste Salt in Dechlorinated 
Zeolite Waste Forms 

Krista Carlson 

 
 



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

FUEL RESOURCES PROJECTS AWARDED IN 2013 

Lead University Title Principle Investigator 

University of Texas 
at Austin 

Cost and System Analysis of Innovative Fuel Resources 
Concepts 

Erich Schneider 

City College of New 
York 

Recovery of Uranium from Seawater: Polymer Supported 
Aminophosphinates as Selective Extractants 

Spiro D. Alexandratos 

Woods Hole 
Oceanographic 
Institution 

Advances in the recovery of uranium from seawater: studies 
under real ocean conditions 

Ken O. Buesseler 

University of Chicago Development of Novel Porous Sorbents for Extraction of 
Uranium from Seawater  

Wenbin Lin 

University of Idaho Innovative Elution Processes for Recovering Uranium and 
Transition Metals from Amidoxime Based Sorbents 

Chien M. Wai 

University of Alabama Using Ionic Liquids for the Development of Renewable 
Biopolymer Based Adsorbents for the Extraction of Uranium 
from Seawater and Testing Under Marine Conditions 

Robin D. Rogers 

FUEL RESOURCES PROJECTS AWARDED IN 2014 

Lead University Title Principle Investigator 

University of 
California Berkeley  

Selective ligands for uranyl via combinatorial peptoid 
libraries: A synthetic, structural, thermodynamic and 
computational study 

John Arnold 

University of South 
Florida 

Functionalized Porous Organic Polymers as Uranium Nano
Traps for Efficient Recovery of Uranium from Seawater 

Shengqian Ma 

Georgia Institute of 
Technology 

Optimizing Polymer Grafted Amidoxime based Adsorbents 
for Uranium Uptake from Seawater 

Sotira Yiacoumi 

Massachusetts 
Institute of 
Technology 

Extraction of Uranium from Seawater: Design and Testing of 
a Symbiotic System  

Alexander H. Slocum 
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FUEL RESOURCES PROJECTS AWARDED IN 2015 

Lead University Title Principle Investigator 

University of California 
Riverside 

Quantitative Prediction of Uranium Speciation and 
Amidoxime Binding in Seawater from Advanced Simulation 
Techniques 

De en Jiang 

University of Maryland Enhancement of the Extraction of Uranium from Seawater Mohamad Al Sheikhly 
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SOLVENT DEGRADATION MECHANISMS  
D. R. Peterman and J. D. Law (INL)

N,N,N’,N’ N,N,N’,N’

 
Figure 1. Structures of compounds used in the ALSEP process.
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Figure 2. Values of DAm, DEu, and DCe determined as a function of absorbed dose for the test loop
irradiation of 0.050 M T2EHDGA/0.75 M HEH[EHP]/n dodecane (ALSEP “B”) in contact with (a) 4.0 M
nitric acid, (b) 2.0 M nitric acid, (c) ALSEP scrub diluted feed, and (d) 4.0 M nitric acid without gamma
irradiation.

(a)  (b)  

(c)  (d)  
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References

Industrial and
Engineering Chemistry Research

Solvent Extraction and Ion Exchange Journal

Gamma Irradiation of the ALSEP Process Solvent

TRITIUM PRETREATMENT (NON AQUEOUS)  
G. D. DelCul, J. A. Johnson, and B. B. Spencer (ORNL)
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System and Equipment Design

Figure 3. Flowsheet for NO2 treatment at ORNL’s Building 3525.
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Figure 4. Stand design with primary components present.

 
Figure 5. Primary reaction vessel andmixer.

References

14th International Exchange Meeting on Actinide and Fission Product Partitioning and
Transmutation  

39th Actinide Separations Conference

TRITIUM SEPARATION FROM AQUEOUS 
R. Bhave (ORNL)
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TABLE 1. SEPARATION OF HTO WITH SAPO 34 AND K SAPO 34 ZEOLITE MEMBRANES. 

 
Figure 6. Schematic of the pervaporation system for the separation of HTO.

Reference

Material Recovery and Waste Form Development 2015 Accomplishments

MEMBRANE SAPO 34 SAPO 34
K SAPO

34
CO SAPO

34
CO SAPO

34
pH 7 4 7 7 5 

HTO in retentate (mCi/mL) 1.135 1.054 1.162 1.162 1.162 

HTO in permeate (mCi/mL) 0.946 0.946 1.189 1.081 1.108 

HTO permeance (GPU) 115.83 190.89 2087.12 365.15 371.39 

H2O permeance (GPU) 116.01 177.50 1701.52 327.54 324.99 

Separation factor 0.83 0.89 1.023 0.93 0.95 

Ideal selectivity 0.998 1.08 1.23 1.11 1.14 

K-SAPO-34 
Structure 

Vacuum Cold Trap 

Feed 
Tank 

K-SAPO-34 

Membrane 
Cell 

K-SAPO-34 

Permeate 

Alumina

SAPO-34:  

Silica aluminophosphate 
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ONLINE SAMPLING AND MONITORING 
S. A. Bryan, A. J. Casella, and A. M. Lines (PNNL)

Figure 7. (A) Schematic and (B) photograph of the micro Raman probe focused on a microfluidic chip; (C)
photograph taken through micro Raman lens of the laser beam focused within the microfluidic device; and (D)

Ramanmeasurements of variable sodium nitrate/nitric acid solutions within the microfluidic chip.
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Figure 8. (A) Photograph of the assembled micro raman probe with micro flow cell during flowmeasurements;
(B) Raman spectra from flow cell experiment; and (C) model predictions of varying UO2(NO3)2, nitric acid, and

total nitrate from solutions in 8 l micro flow cells.
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Figure 9. (A) Visible spectral variations of Nd3+ as a function of time for the organic phase and
(B) changing maxima of the 578 nm peak from the organic spectra.

LABORATORY SCALE TESTING OF REFERENCE PROCESSES 
C. Pereira (ANL)
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Figure 10. Microsystem installed in refurbished radiological hood.

TABLE 2. COMPOSITIONS OF URANIUM AND PLUTIONIUM, IN ELECTROCHEMICAL REDOX SYSTEM. 

Condition Element Organic Phase
Aqueous
Phase

Distribution
Ratio, D Mass Balance

No Voltage Pu 10% 89% 0.1 99% 
Reduction @ 1 V Pu 4% 95.5% 0.042 99.5% 

Reduction @ 1 V U 83.5% 16% 5.2 99.5% 

 



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

 
Figure 11. Photograph of a 1.25 cm, three dimensional printed long residence contactor used in testing.
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LABORATORY SCALE TESTING OF CANDIDATE PROCESSES 
J. D. Law (INL)
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TABLE 3. ZIRCONIUM DEPENDENCE FOR TECHNETIUM SEPARATION. THE ORGANIC PHASE WAS PRE
EQUILIBRATED WITH 4.15 M HNO3 ALONE AND WITH PRE EQUILIBRATION USING 4.15 M HNO3 
CONTAINING 0.045 M ZIRCONIUM. THE O/A RATIO WAS VARIED BETWEEN 1.0 AND 1.9. 

Sample Parameters O/A DTc AMUSE Model
Acid pre equilibration in the presence of Zr 1.9 5.87 13.80 
Acid pre equilibration only 1.9 5.00 6.23 
Acid pre equilibration in the presence of Zr 1.0 5.80 14.10 
Acid pre equilibration only 1.0 5.41 8.57 

LABORATORY SCALE TESTING OF CANDIDATE PROCESSES 
G. J. Lumetta, A. J. Casella, G. B. Hall, and T. G. Levitskaia (PNNL)

D
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Figure 12. Chemical structures of the TALSPEAK (HDEHP) and Advanced TALSPEAK (HEH[EHP]) extractants.

Process Concept

 
Figure 13. Chemical structures of the aqueous phase complexant

and buffers used in the Advanced TALSPEAK system.

Objec ve

Accomplishments

n

CH3CH2CH2CH2CHCH2O

CH2CH3

P

CH3CH2CH2CH2CHCH2O

CH2CH3

O

OH

HDEHP HEH[EHP]

Citric Acid
HEDTA
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TABLE 4. DECONTAMINATION FACTORS ACHIEVED FOR THE SEPARATION OF THE LANTHANIDE 
ELEMENTS FROM THE MINOR ACTINIDE ELEMENTS (AMERICIUM AND CURIUM) DURING THE 
ADVANCED TALSPEAK FLOWSHEET TEST AT FZ J. 

LANTHANIDE 
DECONTAMINATION FACTOR* 

LANTHANIDE/AMERICIUM LANTHANIDE/CURIUM 
La 1.8 × 104 1.9 × 104 

Ce 7.0 × 104 7.3 × 104 
Pr 1.0 × 105 1.1 × 105 
Nd 1.3 × 104 1.3 × 104 
Sm 4.2 × 104 4.4 × 104 
Eu 3.6 × 102 3.8 × 102 
Gd 4.8 × 104 5.0 × 104 

*Decontamination factor for removal of the lanthanide element from the minor actinide product. Defined as (Ln/An)feed 
divided by (Ln/An)raffinate (An = Am or Cm). 
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Figure 14. Centrifugal contactors used in the advanced TALSPEAK testing: (a) 2 cm centrifugal contactors at

PNNL and (b) 1 cm centrifugal contactors used at FZ J.

Conclusions

References

Industrial and Engineering Chemistry Research

Radiochimica Acta

Inorganic Chemistry

Radiochimica Acta

Solvent Extraction Ion Exchange
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Solvent Extraction Ion Exchange

Advanced Separation Techniques for Nuclear Fuel Reprocessing and Radioactive
Waste Treatment

Nuclear Energy and the
Environment

Solvent Extraction Ion Exchange

Journal of Inorganic Nuclear Chemistry

TRITIUM CAPTURE STUDIES FOR ZIRCONIUM RECYCLE SYSTEM 
B. B. Spencer (ORNL) and S. H. Bruffey (ORNL)

®
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TABLE 5. ESTIMATED COMPOSITION OF OFF GAS STREAM FROM CLADDING CHLORINATION 
PROCESS. 

Component Concentration (v/v)
Ar 0.925 
Cl2 0.0476 

HCl 1.19E–06 
2HCl 5.83E–10 
3HCl 2.66E–06 

TOTAL 1.000 
  

allHCl 3.85E–06 

Accomplishments

References

2016 ANS Annual Meeting
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Capture of Tritium Released from Cladding in
the Zirconium Recycle Process

Capture of Tritium Released from Cladding in
the Zirconium Recycle Process

PUBLICATIONS FOR REFERENCE TECHNOLOGIES AND ALTERNATIVES 

Proceedings of GLOBAL 2015: 21st International
Conference and Exhibition –

FY 2016 Status Report: On
line Sampling and Monitoring

Procedia Chemistry

Analytical Chemical

Identify Instrumentation and Data Acquisition and Control Needs for the
FY17 Hot Test

Reaction System Design for NO2 Oxidation of Used Nuclear Fuel for the
FY17 Hot Test

Chemical Engineering Science

Analytical Chemistry

Summary of ALSEP Test Loop Solvent Irradiation Testing
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Investigation of the hydrolytic and radiolytic degradation of HEH[EHP]

Industrial and Engineering Chemistry Research

Report on the Behavior of Fission Products in the Co decontamination
Process

Analytical Methods

Electroanalysis
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ELECTROCHEMICAL OXIDATION OF AMERICIUM 
C. Dares, A. M. Lapides, T. J. Meyer (University of North Carolina at Chapel Hill [UNC CH]), and B. J. Mincher
(INL)

Science
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Figure 16. Electrochemical oxidation of Am(III) to Am(VI) with simultaneous spectroscopic monitoring
occurring in the same compartment.

Conditions: 1.5 mM Am, 0.1 M HNO3, 1.0 M NaNO3, 2.5 V versus saturated calomel electrode.

Figure 15. A terpyridine
ligand bound to a tin
doped indium oxide

particle on an electrode
surface via a phosphonic

acid linker.
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CONTACTOR DEMONSTRATION OF AM(VI) EXTRACTION AND STRIPPING 
B. J. Mincher, T. Grimes, R. Tillotson, and J. D. Law (INL)

N N

 
Figure 17. Contactor test bed for Am(VI) solvent extraction hot test featuring two countercurrent extraction
and two countercurrent strip stages. The 2 cm contactors were 3 D printed, a new approach facilitating

contactor testing.
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GROUP CO CRYSTALLIZATION OF HEXAVALENT ACTINIDE NITRATES 
J. D. Burns and B. A. Moyer (ORNL)

Inorganic Chemistry

n

t
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Figure 18. Experimental protocol used in the co crystallization of hexavalent actinides separately or together,

with and without fission products. Sodium bismuthate is used as the oxidant.

STABILITY OF AMERICIUM(VI) 
C. Dares, A. M. Lapides, and T. J. Meyer (UNC CH)
B. J. Mincher, T. Grimes, R. Tillotson, and J. D. Law (INL)
J. D. Burns and B. A. Moyer (ORNL)
G. S. Goff (Los Alamos National Laboratory [LANL])
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Figure 19. Reduction kinetics for electrochemically generated Am(VI) and concurrent appearance of Am(V) and

Am(III). Left: concentration profiles. Right: the modeled reduction path.

ALSEP PROCESS DEVELOPMENT FOR ACTINIDE/LANTHANIDE SEPARATION 
G. J. Lumetta, E. L. Campbell, A. J. Casella, G. B. Hall, V. E. Holfeltz, and T. G. Levitskaia (PNNL)
M. A. Brown and A. V. Gelis (ANL)
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Figure 20. Extractants and aqueous components used in the development of the ALSEP process. Neutral

extractant carbamoylmethylphosphine oxide (CMPO) and cation exchange extractant HDEHP together with
aqueous complexant diethylenetriaminepentaascetic acid and lactic acid buffer were used in the initial
TRUSPEAK concept. This formulation has given way to the more effective combination of T2EHDGA and

HEH[EHP] with HEDTA complexant and citric acid buffer used in ALSEP. Research in FY 2017 may yet allow the
identification of evenmore powerful ALSEP components.
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HDEHP

T2EHDGA; R = CH2CH(CH2CH3)CH2CH2CH2CH3

TODGA; R = n (CH2)7CH3

CH3CH2CH2CH2CHCH2O
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CH3CH2CH2CH2CHCH2
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Citric AcidHEDTA
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TEDGA; R = CH2CH3
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IMPROVING THE STRIPPING EFFICIENCY OF ALSEP IN CENTRIFUGAL CONTACTORS 
A. V. Gelis and M. A. Brown (ANL)

 
Figure 21. Stripping of Am(III) from loaded ALSEP solvent, 0.05 M T2EHDGA/0.75 M HEH[EHP] in dodecane,
using 2 cm centrifugal contactors with standard and modified housings. Stripping conditions: 0.125 M

HEDTA/0.2 M citrate solution at pH 2.8, T = 21°C, O:A = 3:4.
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SF

 
Figure 22. Photograph of a 3 D printed contactor with 1.25 cm rotor and extendedmixing zone.

IMPROVING THE STRIPPING CHEMISTRY OF ALSEP 
P. Zalupski, T. Grimes, C. Heathman (INL), and S. Jansone Popova (ORNL)

N
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Figure 23. Structures of alternative aminopolycarboxylate reagents proposed to study phase transfer kinetics.
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Figure 24. Americium (left) and europium (right) back extraction kinetic trends collected for HEDTA and
HEDTTA stripping systems. Organic phase: 0.05 M TEHDGA and 0.50 M HEH[EHP] in n dodecane. Aqueous

phase: 0.125 M complexant and 0.2 M citrate at pH = 3.0.
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MIXED DONOR EXTRACTANTS 
S. Jansone Popova, V. Bryantsev, F. V. Sloop, Jr., R. Custelcean, and B. A. Moyer (ORNL)

N O
N

N O

B C

 B C A

 C SF

 
B

 
n

 B C

 
Figure 25. Chemical structures of tetraoctyl 1,10 phenanthroline 2,9 dicaboxamide A

and novel preorganized ligands B and C.
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THEORETICAL PREDICTION OF AM(III) AND LN(III) BINDING  
V. S. Bryantsev and A. A. Ivanov (ORNL)

N O

1b 2b
3b 3b

1b 2b

3b

C B
1b 1a

1a

 

 
Figure 26. Overlays of calculated ligand geometries in their free (turquoise carbon backbone) and Eu3+ bound
(grey carbon backbone) form and the corresponding reorganization energies, Ereorg (kcal/mol), associated

with metal ion complexation. Vectors (yellow) emanating from the donor atoms illustrate the optimal
placement of the metal ion relative to each donor group. The structures were optimized and energies calculated
using DFTmethods at the B3LYP/LC/6 311+G** level. Note that 1a, 2a, and 3a, respectively, correspond to the

long chain analogs C, B, and A in Figure 25.
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PUBLICATIONS FOR SIGMA TEAM – ADVANCED ACTINIDE RECYCLE 

Procedia Chemistry

Using First Principles Calculations to
Facilitate the Design of Ligands for Actinide Separation

Inorganic Chemistry

FY16 Progress Report on Co crystallization

Science

ALSEP Year End Report

Inorganic Chemistry

Structure Function Relationships for the
Modified Aminopolycarboxylate Aqueous Holdback Complexants

European Journal of Inorganic Chemistry

Design, Synthesis and
Testing of Trivalent Actinide Sequestering Agents

Industrial and Engineering
Chemistry Research

Proceedings of Global 2015



2016 ACCOMPLISHMENTS 

Recommended Conditions for the ALSEP Concept

Sigma Team for
Advanced Actinide Recovery: PNNL FY 2016 Summary Report

Inorganic
Chemistry

Higher Americium Oxidation State Research Roadmap

Journal of Radioanalytical and Nuclear Chemistry

Am(VI) Extraction Final Report: FY16

Sigma Team for Advanced Actinide Recycle FY2015 Accomplishments and Directions

Experimental Findings on Actinide Recovery Utilizing Oxidation by
Peroxydisulfate as an Eluent for Inorganic Ion Exchange Material

Evaluation of Phase Transfer Kinetics for
the ALSEP Process Using Modified Aminopolycarboxylate Reagents. Part I. Amide Substituted Ethylenediamine
Backone

Evaluation of Phase Transfer Kinetics for
the Liquid Liquid Systems Containing Modified Aminopolycarboxylate Reagents. Part II. Amine Substituted
Diethylenetriamine Backone

Initial Assessment of Back and Forward
Extraction Kinetics of ALSEP Using Candidate Complexant
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PATENTS AND PATENT APPLICATIONS FOR SIGMA TEAM – ADVANCED ACTINIDE RECYCLE 
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CHARACTERIZATION OF IODINE REMOVAL FROM VOG STREAMS BY SILVER BASED SORBENTS 
S. H. Bruffey, J. A. Jordan, and R. T. Jubin (ORNL)
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REMOVAL OF METHYL IODIDE FROM NOX CONTAINING DOG STREAMS  
BY AGAEROGEL DEEP BEDS 
N. Soelberg (INL)
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Figure 27. AgAerogel before and after a 314 hour CH3I adsorption test.

 
Figure 28. CH3I DFs in AgAerogel decreased most rapidly for shallower bed depths

ranging from 1.3, 5, 10, and 20 cm (0.5, 2, 4, and 8 in.).
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DIRECT CONSOLIDATION OF IODINE LOADED AGAEROGEL TO A DENSIFIED WASTE FORM 
J. Matyáš, E. Ilton, N. Canfield, G. Kroll, and S. E. Sannoh (PNNL)

 

 
Figure 29. Pucks of iodine loaded Ag0 aerogel produced with HIP (left) and SPS (right).



2016 ACCOMPLISHMENTS 

MANUFACTURE OF AN IODINE CONTAINING WASTE FORM BY HOT ISOSTATIC  
PRESSING OF AgZ 
S. H. Bruffey, R. T. Jubin, and J. A. Jordan (ORNL)

 
Figure 30. Capsule lid modifications (left to right: original, inset cap, inset vacuum port lid).
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Figure 31. Cross section of iodine occluded sodiummordenite that underwent HIP (left)

and iodine loaded silver zeolite A (right).

CHARACTERIZATION OF KRYPTON REMOVAL FROM OFF GAS STREAMS BY AN IMPROVED 
METAL ORGANIC FRAMEWORK MATERIAL 
P. Thallapally (PNNL)

silico

 
Figure 32. Pores within the CaSDB MOF (blue).
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Figure 33. Schematic diagram of two column breakthrough experiment.

 
Figure 34. Curves for partial pressures of gas mixture components using two bed adsorption modules at RT.
Adsorbents in Beds 1 and 2 are CaSDB. Gas mixture consisting of xenon (400 ppm) and krypton (40 ppm)

balanced with dry air flowed into Bed 1 at Time “a”; gas (krypton) breakthrough from Bed 1 is indicated as “b”;
gas mixture from Bed 1 (xenon removed) was introduced to Bed 2 at Point “c”; breakthrough of krypton from

Bed 2 at Point “d.”
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DEMONSTRATED SEPARATION OF KRYPTON AND XENON BY A MULTI COLUMN  
AgZ PAN/HZ PAN SOLID SORBENT SYSTEM 
T. G. Garn, M. Greenhalgh, A. K. Welty, and T. L. Watson (INL)

 
Figure 35. Multi column experimental test bed schematic for separation of krypton/xenon.
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TABLE 6. XENON/KRYPTON CONCENTRATIONS FROM SAMPLE BOMBS. 

Temperature (K) Column Sample Average Xe (ppmv) Average Kr (ppmv)

295 Xe Column 41.3 81.2 
191 Kr Column BDL 367 
253 Xe Column 25.6 179 
191 Kr Column BDL 586 

ANALYSIS OF LEGACY KRYPTON WASTE FORM SAMPLES  
R. T. Jubin and S. H. Bruffey (ORNL)
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Figure 36. 85Kr legacy waste from Capsule 2 (left) and Capsule 5 (right).
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Figure 37. Elemental maps of an area near the center of a pellet recovered from Capsule 5 (Sample K5).
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Figure 38. Optical microscope image at 50×magnification of Section “A” of Capsule 2.

ENGINEERING EVALUATION OF AN INTEGRATED OFF GAS TREATMENT SYSTEM FOR USED 
NUCLEAR FUEL REPROCESSING FACILITIES 
R. T. Jubin, J. A. Jordan, and B. B. Spencer (ORNL)
N. R. Soelberg, A. K. Welty, and M. Greenhalgh (INL)
D. M. Strachan (Strata G, LLC)
P. K. Thallapally (PNNL)
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PUBLICATIONS FOR SIGMA TEAM – OFF GAS 

Nature Communications

Iodine Adsorption by Ag Aerogel under Prototypical Vessel Off
Gas Conditions

Procedia Chemistry . 

Organic Iodine Adsorption by AgZ under Prototypical Vessel
Off Gas Conditions

Angewandte Chemie International Edition

Journal of the American Chemical Society

Journal of Nuclear
Science and Technology

Multi Column Xe/Kr Separation with AgZ PAN and
HZ PAN

Multi Column Experimental Test Bed for
Xe/Kr Separation

Analysis of Selected 85Kr Legacy Samples
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Engineering Evaluation of an Integrated Off Gas Treatment System for Used Nuclear Fuel
Reprocessing Facilities

Silver functionalized silica aerogel for FY16 testing at INL

Silver functionalized silica aerogel for FY16 testing at ORNL

Journal of Nuclear Materials

Scaled up consolidation processing of iodine loaded
Ag0 functionalized silica aerogel

Calixarene Functionalization and Applications

Chemistry – A European Journal

FY 2016 Methyl Iodide Higher NOx Adsorption Test Report

Produce Sorption Materials at Sufficient Quantity for INL Two Column Testing

A New Calcium Based MOF Material for Room Temperature Removal of Xenon and
Krypton: Two Column Approach

Perform Cycle Testing to Measure the Stability and Performance of Sorption Material

Multi Column Experimental Test Bed Using CaSDB MOF for
Xe/Kr Separation

Superficial Velocity Effects on HZ PAN and AgZ PAN for Kr/Xe
Capture
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EVALUATION OF CERAMIC WASTE FORMS – COMPARISON OF HOT ISOSTATIC PRESSED AND 
MELT PROCESSED FABRICATION METHODS  
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TABLE 7. MULTI PHASE WASTE FORM BASELINE COMPOSITIONS FABRICATED VIA MELT PROCESSING 
AND HIP. 

Designation
Hollandite
(wt. %)

Zirconolite
(wt. %)

Pyrochlore
(wt. %)

Perovskite
(wt. %)

Metal
(wt. %)

Fabrication
Method

HIP 1250a 65.40 14.61 16.84 2.54 0.61 HIP: 1,250°C 
HIP 1300a 65.40 14.61 16.84 2.54 0.61 HIP: 1,300°C 
CAF 11113a 65.40 14.61 16.84 2.54 0.61 Melt processing 
CAF 21113 48.59 21.71 25.02 3.78 0.90 Melt processing 
CAF 41113 32.09 28.68 33.05 4.99 1.19 Melt processing 
CAF 21223 57.06 25.50 14.69 2.22 0.53 Melt processing 
CAF 22123 55.67 12.51 28.83 2.18 0.52 Melt processing 
a. Baseline composition. 

x x x
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Figure 39. SEM image and corresponding elemental
maps of a sample hot isostatic pressed at 1,300°C.

Figure 40. SEM image and corresponding elemental
maps of a CAF 11113 sample melt processed at

1,625°C.

°
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Figure 41. High resolution TEM observation of interface between hollandite and zirconolite phases in CAF
11113, including corresponding SAED patterns and EDX spectrums.

°
°
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Figure 42. Fractional release of cesium from waste forms subjected to melt processing and HIP.

Figure 43. TEM observation of hollandite phase in irradiated CAF 11113 (left) and SW 1732 (right) samples.
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Synergis c Ac vi es

References

Melt Processed Crystalline Ceramic Waste Forms for Advanced Nuclear
Fuel Cycles Final CRP Report for Research Agreement No. 17208

Material Recovery and Waste Form Development – Ceramics Formulation optimization
activities in FY15 – Preliminary Results (M4FT 15SR0307025)

Journal of Nuclear Materials

Journal
of Alloys and Compounds

Journal of Nuclear Materials

Crystalline Ceramic Waste Forms: Comparison of
Reference Process for Ceramic Waste Form Fabrication

Materials
Research Society Symposium Proceedings

Materials Research Society Symposium Proceedings
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Waste
Immobilization in Glass and Ceramic Based Hosts: Radioactive, Toxic and Hazardous Wastes

Journal of Materials Chemistry

Radioactive Waste Management
and Environmental Restoration

Nature

Journal of Materials Research

Journal of Nuclear Materials

GLASS CERAMIC WASTE FORM DEVELOPMENT FOR FISSION PRODUCTS FROM USED NUCLEAR 
FUEL (CLIENT NE) 
J. V. Crum (PNNL), M. Tang (LANL), and C. Crawford (SRNL)
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Glass Ceramic Melt Rheology (PNNL)

Figure 44. Left: Viscosity (blue circles), yield stress (red squares), andmorphology as a function of temperature
with fixed 30 minute hold times for C42 (centroid composition). Right: SEM images—upper left, 1,174°C; lower

left, 1,195°C; upper right, 1,249°C; and lower right, 1,298°C.
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TABLE 8. RHEOLOGY BEHAVIOR, OBSERVED PHASE, YIELD STRESS, AND PROJECTED POUR SPOUT 
TEMPERATURE OF MELTS. 

ID Rheology Behavior Fiber Observations
Yield Stress (Pa) at

1,125°C Pour Spout (°C)

O23 Shear thinning Crystals 1,177 >1,300 
O24 Bingham Undetermined 1,174 1,250 
O25 Shear thinning Droplets 3,235 1,350 
O26 Bingham Crystals 53 1,200 
O27 Bingham Crystals 34 1200 
O28 Shear thinning Crystals and droplets 1,904 1,250 
O38 Bingham Undetermined 315 1,200 
O39 Bingham Droplets 1073 1,175 
C42 Bingham Crystals 2,093 1,200 

Long Term Sta c Corrosion Tes ng (SRNL)
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Figure 45. Phase II normalized concentration based on boron through 448 days. WF glasses from ALTGlass
Database (Jantzen 2013). Concentrations normalized to full wasteform composition.

Corrosion Tes ng in Dilute Condi ons (PNNL)

X X
X X
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TABLE 9. MEASURED STEADY STATE RELEASE RATES OF BORON, MOLYBENUM, AND NEODYMIUM 
(NORMALIZED TO FULL WASTE FORM COMPOSITION) AS A FUNCTION OF CANISTER COOLING RATE 
AND PH FOR THE HIGHEST Q/S TESTED.

Cooling Rate pH at RT q/S m/s
SON68 Literature

g/m2/d
B (glass)
g/m2/d

Mo
(powellite)
g/m2/d

Nd 144 (oxyapatite)
g/m2/d

1/4x 7 1.1E 05 3.0E 01a 2.2E+01 3.6E+01 6.0E 01 
1/4x 9 5.1E 06 4.5E+00 to 

5.5E+00b 
4.0E+00 3.6E+00 <2.1E 03 

1x 7 1.1E 05 3.0E 01a 2.2E+01 8.4E+01 1.3E+00 
1x 9 4.8E 06 4.5E+00 to 

5.5E+00b 
4.2E+00 4.1E+00 <3.8E 04 

4x 7 1.2E 05 3.0E 01a 1.3E+01 4.4E+01 7.3E 01 
4x 9 5.7E 06 4.5E+00 to 

5.5E+00b 
2.7E+00 3.4E+00 <1.6E 03 

a. Icenhower and Steefel 2015. 
b. Jégou and Gin et al. 2000, Frugier and Gin et al. 2008. 

 
Figure 46. Boron release rate (normalized to full waste form composition)

versus q/S ratio at 90°C and pH = 7 and 9.
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Chemical Durability and Radia on Stability (LANL)

          
Figure 47. Leaching results (7 and 28 days) of nonirradiated and irradiated glass ceramic C1 2013 samples.
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Figure 48. Sequences of SAED patterns for oxyapatites irradiated by 1 MeV krypton
ions at RT and 250 C.

References

Glass Ceramic Waste Forms for
Combined CS+LN+TM Fission Products Waste Streams

Journal of Nuclear Materials

Summary Report: Glass Ceramic Waste Forms
for Combined Fission Products ,

Journal of Nuclear Materials
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Geochimica Et Cosmochimica Acta

Journal of Nuclear Materials

Surface and Interface Analysis

ELECTROCHEMICAL (ECHEM) WASTE FORMS 

EchemMetal Waste Forms

W. Ebert and V. Gattu (ANL) and L. Olson (SRNL)
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TABLE 10. MASS FRACTIONS OF PASSIVATING ELEMENTS IN TYPE 316 AND RAW 6 MATERIALS. 

Element Type 316 RAW 6(Re) RAW 6(Ni1) RAW 6(Ni3) RAW 6(Ni5)

Cr 0.184 0.1674 0.1822 0.1534 0.1257 
Mo 0.023 0.0268 0.0308 0.0300 0.0293 
Ni 0.124 0.1214 0.0304 0.0789 0.1255 

X
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(a) 

 
 

(b) 

Figure 49. (a) PD scans of RAW6materials in pH 3 solution and (b) corroded surface of RAW6(Re) after PD scan.
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(a) 
 

(b) 

(c) 

 

 

 
(d) 

Figure 50. Results for electrochemical tests with RAW6(Re) showing (a) corrosion current densities measured
in PS tests, (b) comparison of currents measured in PD scan and PS tests, (c) Bode phase angle plots of EIS

results, and (d) equivalent circuit fitting EIS results at 200 and 300mV.



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

(a) 
 

(b) 

Figure 51. Results for electrochemical tests with RAW6(Ni3) showing (a) currents for stabilized surfaces in PS
tests compared to PD scan and (b) releases of chromium (dark symbols) and molybdenum (light symbols) into

solution during PS tests.

References
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Echem Salt Waste Forms

W. Ebert (ANL), S. Frank (INL), and B. Riley ( PNNL)
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TABLE 11. MEASURED PHASE COMPOSITION, DENSITY, VOLUMETRIC POROSITY, AND SURFACE 
POROSITY OF CWF AND ACWF PRODUCTS. 

Product ID
Salt Waste
Loading, %

Phase Composition, mass% Density,
g cm 3

Porosity,
vol %

Porosity,
area %Sodalite Halite Glass

Baseline CWF Materials 
 CWF P1 8 8 8.5 5.5 86 2.13 0.7 3.5 
 CWF P6 11 11 39 4.2 57 1.50 33 43 

Phase 1 ACWF Materials 
 ACWF N2 11 11 57 2.9 40 1.35 42 43 
 ACWF N3 11 11 62 2.9 35 1.30 44 44 
 ACWF N4 11 11 63 3.1 34 1.28 45 54 
 ACWF N5 11 11 62 2.6 35 1.44 38 35 
 ACWF N6 11 11 68 2.4 30 1.44 37 38 

Phase 2 ACWF Materials 
 ACWF N4F 11 11 70 3.7 26 1.45 38 40 
 ACWF N4 12 12 67 3.6 29 1.37 42 33 
 ACWF N4 14 14 61 7.5 31 1.40 40 26 
 ACWF N4G 10 10 50 3.4 47 1.90 8.0 5.1 
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Figure 52. Time of flight SIMS data for ACWF N3 11 shown as (left) lines cans showing elemental distributions

and (right) distribution maps of Si+, Al+, B+, Na+, Li+, and K+ near a sodalite glass interface.
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Figure 53. Results of ASTM C1308 tests with (a) ACWF N4 11, and (b) ACWF N4 14.

References

Testing to Evaluate the Suitability of Waste Forms Developed for Electrometallurgically
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In Situ Monitoring of Glass Corrosion Using Raman Spectroscopy

J. Ryan, B. Parruzot, S. Bryan, S. Devranathan, A. Lines, and A. Casella (PNNL)

Figure 54. Stainless steel vessel for in situ Raman spectroscopy of solutions contacting corroding glass.
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Figure 55. Experiment LAWA76 at 90°C: comparison of the in situ Raman signal from the BO4– peak (blue dots
and left axis, BO4–signal predominates) with the total Boron concentrations measured by ICP OES (red squares

and right axis).

Physics based Model of Glass Corrosion

J. Ryan, P. Rieke, S. Hu, and Y. Li (PNNL)
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Figure 56. Model representation of the glass/fluid interface in 2 dimmensions with colors representing
materials properties. Note the transition from amaterial with water as the solvent (red) to water as a solute.

Gel Structure Characteriza on and Proxy Synthesis

J. Reiser, B. Parruzot, and J. Ryan (PNNL)
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Reference

Integrated Disposal Facility FY 2012 Glass Testing Summary
Report

Glass Corrosion

W. Ebert (ANL)
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Figure 57. Illustrations of observed glass dissolution behavior and representation in the ANL Stage 3model.
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 (a) 

 

 (b) 

Figure 58. Correlations between (a) Stage 3 rate and Stage 2 rate and (b) Stage 2 rate and Stage 2 pH.
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Figure 59. Scatter diagrams correlating whether Stage 3 was triggered (blue symbols) or not triggered (yellow
symbols) with pH and the maximummolar concentrations of Al(OH)4– or HSiO3–.

Modeling and Simula on

S. Kerisit (PNNL)

Development of Modeling Tools
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Figure 60. Snapshots from PFLOTRAN simulations showing the total SiO2(aq) concentration after 40 years from
the corrosion of (top) one waste form dissolving at a constant rate under left to right flow (log plot) and
(bottom) two waste forms dissolving at a constant rate under left to right flow with the lower waste form

transitioning to Stage III dissolution after 20 years (linear plot).

Evaluation of Mechanistic Models
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Iodine Waste Form Corrosion

W. Ebert, T. Cruse, J. Jerden (ANL), and J. Ryan (PNNL)
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                 (a)   (b) 
Figure 61. (a) Stability diagram for 1E 7molal Ag+ and I– and (b) PD scans in pH 2, 3, 5, 8, 10, and 10 solutions.
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rate = 0.72 exp( 6.9 Eh) rate Eh

 
Figure 62. (a) Potentials measured in tests cycling between applied potential of 200mV and open circuit and

(b) charge response.
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Figure 63. Cathodic dissolution rates measured in pH 4 and pH 6 solutions.

Reference
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Figure 64. Newmetal test equipment for hot cell tests with 100 to 500 g of UNF cladding per test.

Nonradioac ve Operability Tests
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TABLE 12. RESULTS FROM 500 G CLADDING TEST. 

Component

Feed Cladding Product Salt

Calc.
ppmp Zr

1st (29%)
ppmp Zr

2nd (34%)
ppmp Zr

3rd (35%)
ppmp Zr

Condenser Inlet
Deposit
ppm Zr

Fe 1,650 2,663 4,607 7,852 1,600 
Cr 920 <8 13 28 89 
Ni 620 <8 <7 <8 16 
Nb 1,000 789 1,277 1,977 150 
Sn 13,800 357 1,019 197 554 

Figure 65. Bore of reactor. Figure 66. Bore of condenser.
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Out of Cell Accessory Facili es

 
Figure 67. Zirconium recycle hot cell and out of cell equipment diagram.

Ini al Large Scale Chlorina on of Zirconium Alloy Cladding from Irradiated UO2 Fuel
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Figure 68. Zirconium recycle test equipment in hot cell.
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TABLE 13. TEST PARAMETERS FOR INITIAL LARGE SCALE CHLORINATION TEST.

Type of Cladding Zircaloy 4 ~ 5% M 5 
Reactor Irradiation Advanced Test Reactor, Catawba 1 
Fuel Burnup 9 40 Gwd/MT 
Fuel Discharge Date 2003, 2008 
Weight of Cladding Tested 100.1g 
Gas Flow Rates  
 Ar 200–320 mL/min 
 Cl2  100–334 mL/min 
Reactor Temperature Range 360–382°C 
Condenser Temperature 40°C 
Volume of ZrCl4 Salt Collected 150–200 mL 
Duration of Chlorination 5 hours 

PUBLICATIONS FOR WASTE FORM DEVELOPMENT AND PERFORMANCE 

Journal of Nuclear Materials
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G. J. Lumetta (PNNL), S. A. Bryan (PNNL), C. Pereira (ANL), and B. Cipiti (SNL)
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Figure 69. Conceptual schematic of the CoDCon flowsheet.
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Figure 70. Schematic representation of the CoDCon testing system indicating the solution monitoring locations.
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Figure 71. Visible spectrum of 100 g/L U4+ solution diluted 1:21 in 3mol/L HNO3 taken immediately after

electrolysis (red trace) and 21 days after electrolysis (blue trace).
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Figure 72. Energy dispersive spectroscopy elemental mapping of the U/cerium oxide product from the second
MDD experiment: upper left, primary SEM image; upper right, oxygen; lower left, cerium; lower right, uranium.

Modeling of On Line Monitoring

Summary and Future Plans
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F ELEMENT METRICS 
A.Gelis and C. Launieri (ANL)

 

TABLE 14. 0.033M T2EHDGA/0.5M HEH[EHP]/N DDN, LOADED WITH AMERICIUM, PROMETHIUM 
AND STABLE LANTHANIDE. 

Aqueous phase*
Am

Kobs, 1/s,
Am

T1/2, s,
Pm

Kobs, 1/s
Pm

T1/2, s,
SFeq

(Pm/Am) D(Pm)
0.01M DTPA/0.6M 
malonate pH 2.8 

0.038 18.4 0.018 53 35 5.7 

0.125M HEDTA/ 0.2M 
Citrate, pH 2.8 

0.11 5.4 0.081 9.9 23 2.11 

0.125M HEDTTA/0.2M 
Citrate pH 3.0 

0.093 7.4 0.10 7.1 33 6.23 

0.02M DTTA/0.2M 
citrate pH 2.0 

0.31 2.2 0.16 7.5 29 0.74 

*T=19 ±0.4º C for all experiments. 
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Reference

F ELEMENT METRICS 
P. R. Zalupski and J. D. Law (INL)

f
f

f

Collection of extinction coefficient trends for Am3+ in aqueous mixtures transitioning from perchloric acid to
nitric acid:

  
Figure 73. Dependencies of molar extinction coefficients for optical absorption features of Am3+ in 8 total acid

concentrations, determined at six HClO4: HNO3 proportions. (a) max = 503 nm, (b) max = 813 nm.
Uncertainties are reported as 3 .
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New and improved aqueous holdback complexant for ALSEP chemistry:

f

  La3+

  Am3+

  Nd3+

D

p[H+]

Org: 0.75 M HEH[EHP] / dodecane
Aq: 20 mM complexant / 0.5 M malonate

all other lanthanides
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Figure 74. (A) Liquid liquid distribution of 0.1 mM La3+ Ho3+(each), and Am3+ (tracer) between organic

mixture of 0.75 M HEH[EHP] in n dodecane and an aqueous electrolyte phase containing 0.02 M DTTA DAG, 0.5
Mmalonate, I = 1.0 M adjusted with NaNO3, at p[H+] = 2.99, 2.76, 2.50, 2.36, 2.12, 1.93 and 1.86. (B) Comparison
of time dependent partitioning of 154Eu3+ for liquid liquid distribution systems containing HEDTA and DTTA
DAG. ( ) 0.095 M HDEHP / 20.4 mMDTTA DAG, pH = 2.3; ( ) 0.065 M HEH[EHP] / 20.0 mMHEDTA, pH = 2.7.
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FUNDAMENTAL RADIATION CHEMISTRY 
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Figure 75. Uranium solvent extraction (DU) from 6.5 M HNO3, (black symbols) and stripping, (grey symbols)
using irradiated, initially 1 M DEHiBA in dodecane. Irradiated organic phase only (open circles); sparged

organic phase (filled circles); contact with 0.1 M HNO3 (open triangles); sparged contact with 0.1 M HNO3 (filled
triangles); contact with 4 M HNO3 (open squares); and sparged contact with 4 M HNO3 (filled squares). Mean

error bars of ± 8% omitted for clarity.

Acid protection
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Figure 76. Kinetic curves of several Am(III) and Pu(IV) systems (see legend)

fitted as a 1.5th order. T = 23.0 ± 1.0 °C.
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Results

Thermodynamic data (stability constants and enthalpy)

Figure 77. Spectrophotometric titrations of Np(V) with
HEDTA at I = 1.0 mol L 1 NaClO4, t = 25°C.

Figure 78. Calorimetric titration of NpO2
+/HEDTA (t =

25 °C, I = 1.0 mol L 1 NaClO4).

C

 

TABLE 15. THERMODYNAMIC PARAMETERS OF THE NP(V) COMPLEXATION WITH  
HEDTA AT 25°C IN 1 M NACLO4.  

Reaction log
H

kJ mol 1
S

J mol 1 K 1

NpO2
+ + L3  = NpO2L2  6.91 ± 0.06 (8.0 ± 2.0) 105 ± 7 

NpO2
+ + HL2  = NpO2HL  4.28 ± 0.03 (2.2 ± 2.0) 75 ± 7 

2NpO2
+ + 2L3  + 2H2O = (NpO2)2(OH)2L2

6  + 2H+ (4.93 ± 0.03)   
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EXAFS: Coordination structures in Np(V)/HEDTA complexes

k

 
Figure 79. Np LIII EXAFS of three Np(V) solutions. (I) [Np] = 3.0 mmol·L 1, pCH = 2.5; (II) [Np] = 1.0 mmol·L 1,
[HEDTA] = 2.3 mmol·L 1, pCH = 9.4; (III) 2.0 mL, [Np] = 1.0 mmol·L 1, [HEDTA] = 23 mmol·L 1, pCH = 12. Black

solid line – experimental, red dash line – fit.

TABLE 16. EXAFS FITTING RESULTS OF NP(V) SPECIES IN SOLUTIONS FROM THIS WORK. 

Solutiona Shell N R (Å) 2 Notice

I 
Speciation: 100% NpO2

+ 
Np Oax 2.0 1.82 0.0025 S0

2 = 0.85, E0 = 5.56 eV 
r = 0.005, 2

red = 13.0 Np Oeq 4.6 2.51 0.0096 
II 
Speciation:  
 100 % NpO2L2  

Np Oax 2.0 1.82 0.0046 S0
2 = 075, E0 = 8.05 eV 

r = 0.004, 2
red = 14.5 Np Oeq 3.8 2.41 0.0114 

Np Neq 1.0 3.95 0.0047 
III 
Speciation: 
 11% NpO2L2  
 87 % (NpO2)2(OH)2L2

6  

Np Oax 2.0 1.82 0.0038 S0
2 = 0.77, E0 = 9.01 eV 

r = 0.005, 2
red = 15.1 Np Oeq 3.7 2.40 0.0089 

Np Neq 1.0 2.93 0.0039 
Np Np 1.0 3.95 0.0046 

a. The Np(V) speciation (relevant to total [Np]) was calculated with the simulation program HySS2009 using the 
complexation constants determined in this work. 
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Figure 80. U Ln co deposit on engineering scale
solid cathode. Inset shows section of co deposit.

URANIUM/TRU CO DEPOSITION AND FLUORIDE SALT STUDIES 
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Fluoride Salt Study
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Figure 81. Cyclic voltammograms recorded at 200 mV s 1 in the range of 2.3 V to 0.2 V.
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Figure 82. Open circuit potential measurement after a 2 C deposition at various potentials following the third
lithium addition resulting in a Pu:U ratio of 1.53.

Figure 83. Photographs of the ASC deposits.
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Figure 84. Mass percent of uranium, plutonium, and lanthanides deposited versus the Pu:U ratio in the salt.

PUBLICATION FOR DOMESTIC ECHEM 
FY 16 U/TRU Codeposition

Technical Report (Applied Technology)
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Figure 85. Review of uranium adsorbent capacity reported in the literature for adsorbents developed in the
past six decades. Adsorbents developed by the Fuel Resources Program in the past 6 years demonstrated a
3 fold increase in uranium capacity from seawater, as compared to adsorbents developed in the previous

50 years. Data are not normalized for deployment time.

Development of Novel Amidoxime Based Polymeric Adsorbents
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Figure 86. Comparison of uranium adsorption capacities for ORNL’s new
(2016) and old adsorbents (regular).

 
Figure 87. Kinetic data of uranium adsorption by ATRP synthesized

adsorbent at ORNL.

Exposure Time (days)

0 10 20 30 40 50 60

A
ds

or
pt

io
n 

C
ap

ac
ity

 (g
 U

/k
g 

ad
so

rb
en

t)

0

1

2

3

4

5

6

7

8

ORNL SB11-295
ORNL SB12-8



2016 ACCOMPLISHMENTS 

Summary of Adsorp on Capacity Studies Using Flow Through Columns

 

 
Figure 88. Example of an LCW adsorbent material prepared
using the polyacrylonitrile fiber K1 provided by ORNL. The
fiber was shaped into a form factor for exposure in the PNNL

flume for time series capacity testing.



MATERIAL RECOVERY AND WASTE FORM DEVELOPMENT 

TABLE 17. SUMMARY OF FLOW THROUGH COLUMN TESTING OF AMIDOXIME BASED POLYMERIC 
ADSORBENTS DEVELOPED BY THE FUEL RESOURCES PROGRAM USING FILTERED SEQUIM BAY 
SEAWATER AT PNNL. 

Adsorbent N 
Saturation Capacitya,b 
(g U/kg adsorbent) 

56 day Adsorption
Capacitya,b 

(g U/kg adsorbent) 

Half saturation
Timea,b 
(days) 

38H 4 4.29 ± 0.24 3.30 ± 0.18 16.9 ± 2.8 
AI8 1 5.17 ± 0.18 3.54 ± 0.12 25.8 ± 2.1 
AF1 5 5.56 ± 0.15 3.91 ± 0.11 24.0 ± 1.5 
AF1FR2 1 7.05 ± 0.21 5.00 ± 0.15 22.9 ± 1.7 
MAN1 AO/DMSO 1 6.70 ± 0.22 5.04 ± 0.16 18.5 ± 1.6 
MAN8 AO/DMSO 1 7.75 ± 0.37 5.09 ± 0.24 29.2 ± 3.0 
AN/MA/42kGY a1 1 8.43 ± 0.72 5.13 ± 0.44 36.0 ± 6.1 
LCW MSL 10 1 6.34 ± 0.19 5.28 ± 0.16 11.2 ± 1.3 
SB12 8 1 8.90 ± 0.45 6.56 ± 0.33 20.0 ± 2.6 
a. Determined at a temperature of 20°C using one site ligand saturation modeling. 
b. Normalized to a salinity of 35.

E ect of Current Velocity of Adsorp on Capacity
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Figure 89. Time series measurements of uranium adsorption capacity as a function of the linear velocity of the
ambient seawater exposure. Left panel: Exposure in a recirculating flume. Right panel: exposure in a flow

through column.
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TABLE 18. COMPARISON OF 56 DAY URANIUM ADSORPTION CAPACITIES AND HALF SATURATION 
TIMES WITH ORNL ADSORBENTS FOR FLUME EXPERIMENTS CONDUCTED AT BROAD KEY ISLAND 
AND AT PNNL. 

PNNL  Broad Key Island 

Adsorbent 

56 day
Adsorption
Capacitya
(g U/kg

adsorbent)

Half
Saturation

Time
(days)

Average
Temperature

(°C)
Average
Salinity

56 day
Adsorption
Capacityb
(g U/kg

adsorbent)

Half
Saturation

Time
(days)

ORNL AF1 3.86 ± 0.18 23 ± 1  30.1 ± 0.7 35.7 ± 0.9 6.35 ± 0.10 25 ± 1 
ORNL AI8 3.54 ± 0.17 26 ± 2  26.6 ± 1.4 35.9 ± 0.7 5.96 ± 0.24 21 ± 2 
ORNL AF8c    26.6 ± 1.4 35.9 ± 0.7 4.43 ± 0.81 51 ± 2 
ORNL AF1 AO DMSO 5.04 ± 0.16 18 ± 2  30.6 ± 1.1 36.4 ± 0.7 6.77 ± 0.56 21 ± 2 
a. Determined from one site ligand saturation modeling of time series data obtained at a temperature of 20°C and 
normalized to a salinity of 35. 
b. Determined from one site ligand saturation modeling of time series data obtained at the ambient temperature and 
ambient salinity given in the table. 
c. Characterization of AF8 at PNNL is ongoing. 
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Figure 90. Relative percentage of the major elements adsorbed onto four different ORNL formulations of

amidoxime based adsorbents from 56 day exposures at Broad Key Island, FL. Also included for comparison is
the AF1 adsorbent elemental distribution determined at PNNL in Sequim Bay seawater.

Ligand Design, Characteriza on, and Thermodynamic
Studies

Ligand Design Modeling

Figure 91. Comparison of experimental (green) and
predicted (red) log K1 values for A) VO2+, B) VO2+,
and C) UO22+ complexes with identical ligands.
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