| a s Bas_ic Research Needs for
Wi .aa0 Environmental
yeondManagement



The cover depicts the chemical and physical complexity of the contents of hundreds of tanks,
which collectively store hundreds of millions of liters of legacy wastes generated from weapons
production and nuclear research at DOE sites. These wastes are highly heterogeneous and far
from equilibrium due to high radioactivity, pH, and ionic strength. The myriad assemblages of
soluble materials, suspended and precipitated solids, liquids, and gases are inhomogeneously
distributed within the tanks and are poorly characterized, as signified by the undefined
components of the depicted molecules. Characterizing these wastes is a critical first step in
providing the scientific foundation required for developing revolutionary technologies for safe,
efficient, and cost-effective remediation of the DOE sites.

Cover design by Andy Sproles, Oak Ridge National Laboratory



BASIC RESEARCH NEEDS FOR
ENVIRONMENTAL MANAGEMENT

Report of the Office of Science Workshop on Environmental Management

Chair: Sue Clark, Pacific Northwest National Lab and Washington State University
Co-chairs: Michelle Buchanan, Oak Ridge National Lab
Bill Wilmarth, Savannah River National Lab

Panel Leads:
Waste Stream Characterization, Transformation and Separations
Jenifer Braley, Colorado School of Mines
Mark Antonio, Argonne National Lab

Waste Form
Gerald Frankel, Ohio State University
Jim Marra, Savannah River National Lab

Contaminant Fate and Transport in Geological Environments
David Cole, Ohio State University
Susan Hubbard, Lawrence Berkeley National Lab

Crosscutting Research
Todd Allen, Idaho National Lab
Aurora Clark, Washington State University

Office of Science Leads:
Andrew Schwartz, Basic Energy Sciences
David Lesmes, Biological and Environmental Research
Randall Laviolette, Advanced Scientific Computing Research

Special Assistance:

Technical: Kurt Gerdes, Environmental Management
John Miller, Basic Energy Sciences
Rod Rimando, Environmental Management
John Vetrano, Basic Energy Sciences

Administrative:  Katie Runkles, Basic Energy Sciences
Alison Park, Pacific Northwest National Lab
Tammy Click, Oak Ridge Institute for Science and Education

Publication: Kristin Manke, Pacific Northwest National Lab
Jan Haigh, Pacific Northwest National Lab
Heather Culley, Pacific Northwest National Lab

This report is available on the web at
http://science.energy.gov/~/media/bes/pdf/reports/files/ BRNEM rpt.pdf

Office of Science
Department of Energy
February 2016


http://www.sc.doe.gov/bes/reports/files/BRNEM_rpt.pdf

DISCLAIMER

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



CONTENTS

CONTENTS

Acronyms and ADDIeVIations ...............coccoiiiiiiiiiiiiiieee ettt e et e st e e sneeeeaaee s ix
EXECULIVE SUIMIMATY ......ooiiiiiiiiiieiiccieecee et e ete ettt e st e e teeebeeetaeesbeeesbaeesssaeessasesssessssaeesseessseeessseesssenn xi
INEEOAUCTION ...ttt bttt e bt e bt e bt e bt e s at e sat e et e enbe e beesaeesaeeeateenee 1
Transformative Opportunities to Innovate Revolutionary New Cleanup Approaches.............c..c........ 2
Defining Basic Research Needs for Environmental Management ............cccccccvvevvieecieenieescveeesneeeennen. 3
Summary of the Outcomes of the WOTKShOP .......covviviiiiiiiiiierc e 5
RETETEIICES ...ttt ettt ettt et et sh e et e s bt e st et e e be et e sbeeneenbens 6
Panel 1: Waste Stream Characterization, Transformation, and Separations.....................c.ccceveeenenn. 7
W o1 2 o1 SO SPRRSRRPRRR 7
INETOAUCTION 1ttt et b e e et et e b et e st e st et e sbe e eesbeesee b e emeeneesbeeneennens 7
Fundamental Challenges and Research Opportunities ............cooceeeeieenienienienie e 8
Understand Interactions across Multiple Scales..........cccvevvierierieriieniiiiiciieeeee e 10

Design and Synthesize Tailored Materials for Improved Separations ..........cccccoeeeeeveieieeneenenne 12
Understand Electron-, Ion-, and Radical-Driven Phenomena in Bulk and Interfaces................ 12
COMCIUSIONS ...ttt ettt ettt et h et e bt e b et e s bt ea e e bt e st em e e ebeemeesbeest e besbeemte bt enteneeeneensenees 14
RETEIEIICES ...ttt ettt e b e e s at e et e bt e bt e bt e s bt e saeeeateenteenbeebeens 15
Panel 2: Waste FOIMIS ........c..oooiiiiiiii ettt ettt et sttt e ae e e 17
F N o1 o1 SO 17
INEEOAUCTION ..ttt ettt et e s bt e s at e s et e et e e bt e bt e sbeesaeeemteemteenbeebeens 17
Fundamental Challenges and Research Opportunities ............ccecvvereereieeerierieeseesieseesreesesneesseesenens 18
Advancing Materials for Waste FOImMS .......cooviiiiiiiiiiiiiiiiee e 18
Understanding Materials Degradation in Highly Complex Environments ............cccccceceereenen. 19

L070] 1 Ted LT 103 4 LTRSS 24
RETEIIICES ...ttt et ettt e s bt e s ht e st e e bt e bt e bt e sbeesaeeemteenteenbeebeens 24
Panel 3: Contaminant Fate and Transport in Geological Environments ...............ccc.cocenvinnnnencn. 27
F N0 1] 3 Tt SOOI 27
INEEOAUCTION ...ttt ettt et ettt e s bt e sat e st e e be e bt e bt e saeesateenteenbeenbeebeens 27
Fundamental Challenges and Research Opportunities ............cevvvereeriieeiieeneeseeseesresreeseesseesseesenens 28
Speciation and Biogeochemical Transformations of Radionuclides in the Environment.......... 28
Consequences of Transient Perturbations on System Behavior...........ccccoooiiiniiiiiniininnns 31
Low-Permeability Domains in Subsurface Materials ..........ccccceeevervieeriieniieniiesiecieeieeeeeeeens 33

4D Sensing of REaCtiVe TTaNSPOIt......ccvveivieieriieeciieeiieeeieeeteeeteeesieeesreeeeeeeseaeeesaeessseeesseeansseas 34
Predicting Emergent Behavior of Multiscale SYStemS.........ccccvervveeiieeriiesiienienieniesieeieesreeseeens 37
COMICIUSIONS ...ttt ettt ettt ettt b et e bt e bt et e s bt e st e bt e bt em e e e bt ea b e et sb e et e sbeente bt eaeeneeebeensenees 37
RETEIEIICES ...ttt ettt e s he e s et e et e e bt e bt e bt e sbeesateenteenbeebeens 38

Basic Research Needs for Environmental Management 1ii



CONTENTS

Priority Research DIreCtions................cccooiiiiiiiiiiiiiiciiec ettt et e e tre e s b e e s b e e eaveeessaeesseas 41
Elucidating and Exploiting Complex Speciation and Reactivity Far from Equilibrium .................. 41
AADSTTACL. ..ottt ettt b ettt h et h e a e bt bt et e bt e h e et bt et e bt ea e et bt et e bt eae et e 41
SCIENTIFIC CRAIIENEZES ....vieeviiiiiiecieeeee ettt e et e et e e e teeestbeessbeeessseessseesssaeessseeensseenssens 41
Understanding Radiolysis and Radiation Effects to Predict Unique Species in Radioactive
WASEE SYSTEIMS. .. .uviiiiiieiiieciee ettt e et e e iee e e eteeestteesbeeetbeesabeeesseeesseesssaeessseesssaeensseenssens 42
Chemical Reactivity and Reaction Networks for Complex Systems in Radiation
ENVITONIMEIES ...ttt ettt ettt s et b e et e e b naes 45
RESEATCH DITECTIONS ...ttt ettt ettt ettt sh et e bt sae et e bt et entesbeeneenees 45
Understanding Complex Chemical Equilibria to Enable Prediction and Control of
01T 1 10 o BSOS 46
Understanding and Exploiting Chemical Reactivity in Complex Systems...........ccceeeveeeveennen. 47
TEChNOLOZY IMPACES ....vvieeieeiiieiieiieeie sttt ettt e st st e e be et e e e e st e s saessseesseenseenseessaessaesenenssennsennns 49
RETETEIICES ...ttt ettt ettt ettt bt et e bt eat et e bt et e teebeentenees 49
Understanding and Controlling Chemical and Physical Processes at Interfaces................c............... 51
F N o1 2 o1 S OO OO RSP PPRTR 51
SCIENtIfIC ChAllEN@ES ....c.eeiieiieiieiee ettt et et sttt beesbe e be e s it e eaeas 51
Chemical and Physical Processes at INterfaces ...........occveeeviieciiiiiiiieiieeciee e 53
Colloidal Behavior in the Environment and Rheological Behavior of Waste Stream
STUITIES ..ottt ettt ettt et b e s a et s bt et et bt e e st e et e besbe et enbeeaeenee e 55
RESEATCH DITECTIONS ...ttt ettt ettt et sb et b e st e e e bt et enaeebeeeesees 56
Understanding Interfacial Chemical Reactivity and Solvent Structure under Extreme
(0703114 113 o) 1 0RO SUPUPPRI 56
Solvent Behavior in Confined, Nanoscale Environments ...........ooooevvvvveeiiiiiiiiveeeeeee e, 57
Linking Interfacial Reactivity with Macroscopic Properties..........cccccoveveeriniriieninencnceieene 58
TEChNOLOZY IMPACES ...ttt ettt ettt ettt et e sbe e saeesaeeeateenee e 59
RETEIEIICES ...ttt ettt e s bt e s at e st et e e bt e sbeesbeesaeeemteenbeebeenbeens 59
Harnessing Physical and Chemical Processes to Revolutionize Separations...............c..ccoccovvinenen. 63
AADSEIACT. ..ttt ettt et ettt e h e b e h bt a ettt e bt e bt e eh e e eh e e ea bt e bt e bt e bt e ehteeaeeenteenteebeenbeen 63
SCIENtific ChallEN@ES ... .eeeuiieiieiete ettt st ettt e b e bt e st e eaee s 63
RESEATCH DITECTIONS ...ttt ettt st et bt et b e e st et e bt et e aeeneeeesees 64
Understanding Mechanisms that Drive Separations at Interfaces.........ccccoecevvieiciiiiencancenenn. 64
Design and Synthesis of Molecular and Materials Architectures with Tailored Properties....... 65
New Approaches for Separations Based on Physical Properties and Chemical Properties ....... 67
TEChNOLOZY IMPACES ...ttt ettt ettt et ettt e bt e s bt e satesaeeenteeneeenee 68
RETETEIICES ...ttt ettt ettt s a et e bt s ht et e e bt e st et e bt et e s bt et eteenes 68
Mechanisms of Materials Degradation in Harsh Environments .....................coocoooiiiiiiiiinn. 71
F N0 1] Tt OSSP 71
SCIENtIfIC ChAllEN@ES .....vveeevieiieiieiee ettt ettt et e st et et e e e e steessaessaessseensaenseesseesseesssennsas 71
RESEAICH DIFCCTIONS ...ttt ettt st e et et et e b e bt e s bt e emteeateenbeenbeens 71

v Basic Research Needs for Environmental Management



CONTENTS

Fundamental Radiation and Electrochemical Processes in Complex Systems ...........ccceeeveenene 72
Understanding Corrosion Mechanisms at the Molecular Level and in Constricted
VOIUITICS ...ttt ettt ettt et e et e e et et et e e st e seeseeneeseeseensesseensenseeneensanees 72
Mechanisms of Materials Degradation in Harsh Environments............ccccoeeviriieninnencncnnenen. 74
TeChNOLOZY IMPACE ......c.eiiiieiiiiierie ettt ettt e et e s e e savesabeesbeessaesseessseessesnseensaenseens 75
RETEICIICES ...ttt ettt e b e s ht e et e bt e bt e bt e bt e saeeeseeemteenbeebeens 76
Mastering Hierarchical Structures to Tailor Waste Forms.............c..ccoccooiiiiiiiiiiniceeee 77
AADSEIACT. ..ttt ettt ettt et e b e bt e bt e h et ea et et e e bt e bt e eheeea bt eabe e bt e bt e bt e eateenteeateenbeebeen 77
SCIENtIFIC CRAIENEZES ....eeeeviiiiiieiieectee ettt et e et e et e e e be e estbeessbeeestaeessseesssaeessaeenseeessens 77
RESEATCH DITECTIONS ...ttt ettt ettt et sb et e bt bt et s bt et e tesbeeneenees 78
Design and Discovery of New Material Architectures with Desired Behaviors........................ 79
Elucidation of the Atomic Scale, Microscale, and Macroscale in Complex Waste
FOTM SYSTEIMS ...evvviiiiiieiie ettt ettt ettt e et e et e e s beeestbeeesbeeessaeessseeenseeensseas 80
Extension of Thermochemical, Atomistic, and Structural Modeling to Further
Understanding of Physicochemical Properties.........ccocuevviiiiriiencieeeiiecieeeee e 81
TeChNOlOZY IMPACE ......ceieiieiieiierie ettt ettt e st e staesetessbeesbe e seesssessseesseenseensaenseens 83
RETEITICES ...ttt ettt e b e s ht e st et e e bt e bt e s bt e sateeateeateebeebeens 83
Predictive Understanding of Subsurface System Behavior and Response to Perturbations ............ 85
AADSITACE. ..ttt ettt ettt a et s b et b e e bt e e bt et et h e et e bt e et et bt e a b e bt eat et e bt et e bt eneetennes 85
SCIENtIfiC ChallEN@E......cueiieiieiieeee ettt st sttt e be e bt e st et e e 85
Heterogeneous Spatial Properties and Temporal Perturbations in System Behavior over a
Continuum of Spatial SCAlES ........cceeeiiiiiiiiieie e 85
RESEAICH DITECTIONS ....cueteeiieit ettt ettt et b ettt s b et b e et e b bt e e e ae et esesees 88
Quantify Timescales of Transient-Forcing Events Relative to Response Kinetics.................... 88
Elucidate Process Interactions Occurring within Hierarchical Connected Pore Structure......... 89
Computational Methods for Adaptive Cross-Scale Coupling of Models to Describe
the Impacts of Transient Events on Long-Term Behavior ..........ccccoooeveeniiiiiennncnnenne. 91
TEChNOLOZY IMPACES ..c.evieeieiiieiieieeie ettt et e st e e be et e et e saessaessseesseenseenseesseessnesssennsesssennns 92
RETEIEIICES ...ttt ettt e s bt e s at e et et e e bt e s bt e sbtesateemteembeenbeenbeens 93
Transformative Research Capabilities.................c.ccccoiiiiiiiiiiicc e 95
INETOAUCTION 1.ttt ettt a et s bt et et e e et e e e bt eate bt e st et e sbeeneetenees 95
Multidimensional Characterization of Extreme, Dynamic, and Inaccessible Environments ............. 95
Scientific Challenges for Multidimensional Characterization .............cceceeerveereneereneneeneene. 96
Transformative Research Capabilities for Multidimensional Characterization ......................... 97
Integrated Simulation and Data-Enabled DiSCOVETY ........ccciiuieiiiiiiiiiiiiieeeeeee e 101
Scientific Challenges for Integrated Simulation and Data-Enabled Discovery .............cc........ 101
Transformative Capabilities for Integrated Simulation and Data-Enabled Discovery............. 102
SUIMIMIATY ...ttt et et e et e e ettt e e tte e sbeeesbae e sseaassaeessaeasseeansaeasseeessseensseesnseeensseennseeenses 104
RETETEIICES ...ttt ettt ettt s b et b e e bt et b et e st e e e besbeenee b 105
11 111D 11T o) O TURUUUPSRP 107

Basic Research Needs for Environmental Management v



CONTENTS

RETEICIICES ...ttt ettt ettt e bt e s atesateeate e bt e beebeenbeesaees 109
Appendix A — Technology and Applied R&D Needs for Environmental Management................... Al
Appendix B — Agenda and Participants...............coccooiiiiiiiiiiiie e B.1
Appendix C — Summary of Waste Form Materials ...................cccoooiiiiiiiiiiiiii e C.1

vi Basic Research Needs for Environmental Management



CONTENTS

FIGURES

10
11
12
13
14
15
16

17
18

19
20
21
22

23

24

25
26

Three graphical representations of the molecular and crystal structures of a californium(III)

borate, CITBEOS(OH)S] ...euveveereriertirieieieieetet ettt sttt ettt sttt ettt ese bt st esbe st et eneeneeneens 12
Key processes in the decomposition of water by ionizing radiation showing neutral, ionic, and

radial products with various oxidizing and reducCing POWETS..........ccuerevrrrieereereerierieeieereereeseeenenens 13
Structure of hexagonal nepheline according to Hahn and Buerger............cocoooeeeeiininiininniencnen, 19

Schematic diagram of glass dissolution mechanisms in aqueous solution, coupled with both
hydrated amorphous surface layer formation and crystallization/precipitation from solution ........... 23

Contaminant fate and transport in geological environments is governed by coupled
hydrological, physical, geochemical, and microbiological properties and processes that occur
over a wide range of spatial and temporal SCALES............ccverieriiiiiiiieieree e 27

New innovations to enable more timely and cost-effective cleanup alternatives will require an
understanding of many complex and heterogeneous interfacial processes in the presence of

TONIZING TAQIALION ..evveeiieieieeie et et eeitesteste et e bt ebeesteesteesseesssessseesseesseesseesssesnseanseenseensaessnesssesnsenssennns 52
Tank waste is often composed of crystals of varying sizes, which influences reactivity ................... 53
Electron density profile at the interface of quartz and pure Water...........c.cccceevveeveeniencieeieeieenreeniens 54
The organization of water molecules, n-hexane molecules, and tributyl phosphate molecules as

a function of position across the liquid-liquid interface involving n-hexane and water...................... 55
Schematic of an in situ investigation of an INLETTACE ..........cccveeieriirciiriieieee e 57
Aqueous sulfate separation by crystallization of urea-functionalized capsules.........c..cccceverceenennenne. 66
New class of graphene thin films for selective alkali metal cation binding.............ccccceveeeveeevieniiennnnns 67
Magnetically responsive ionic liquids are an example of a new separations material............c........... 68
Quasielastic neutron scattering of functionalized NANOPOTES........cc.cevvievieviierieenieiie et 73
Molecular dynamic simulation of water diffusion through constricted SiO; glass nanopores........... 73
Results of a density functional theory calculation for iron atoms in two different binding sites at

the silica/molybdenum(112) interface and the effect on the local density of states .........c..cccceeueneee. 74
Atom probe tomography studies of waste glass corrosion front..........c.ecveveereereenienciensieeieeseenenens 74
Results of a density functional theory calculation of a corroding interface of a ternary alloy in an
AqUEOUS ChIOTIAE SOIULION .. .vicviiieiieiieciieeiee ettt et e v esteesteestbeeabeeabeesbeesbeesnenssenenas 75
Hierarchy from atomic to continuum in deSIZN ..........cccuveeeiieiiiieiiieeiie et eeree e e eree e eveeeereeeenes 78
Apatite mineral designed for immobilization of 2°L............c.cccoovvveiiiioveeeeeeeceee e 79
Pore network evolvement in a 3-day-old cement Paste ..........ccceeevvierieeeiiiieriee e 80

Schematic of a high molybdenum-content high-level waste glass depicting a molybdenum ion
located in a large depolymerized rE@ION .........ccveivieiiiiiieieeie ettt et e vt esteestreeaaeeebeeeveeaveees 82

Pores and fractures in subsurface materials exist across scales ranging from angstroms to
COMEIIMIELETS ..ot euteatite et rt ettt et ettt e bt et e s bt et e bt she et e bt ebe e bt ebeemtesbeeat e bt ebe et e sbeesne bt saeenbesbeemsenbens 86

Geophysical measurements sensitive to groundwater salinity and well-water measurements of
dissolved organic carbon revealed localized regions of enhanced microbial respiration exist up

to 200 m inland of the Columbia River shoreline during the spring high river stage...........c.cccveeue.. 87
Characterization methods used to determine porosity and pore size distribution..............ccceeevvenneenee. 90
Three-dimensional cross-hole electrical resistance tomogram of fractured mudstone....................... 91

Basic Research Needs for Environmental Management vii



CONTENTS

27 Complementary information on the structure of porous materials ..........c.cccceevievieiiiiieecieeeenieeniens 98

28 Schematic of in situ liquid transmission electron microscopy Cell.........cooieviirievieniiiiiieeieenrienieeniens 99

SIDEBARS

Technetium Carbonyl Speciation in Waste TanKs ..........cccecverierierieiiieeiieeieeseesie e sse e esieeseeesenesenessseenns 9
Multimodal CharaCteriZatiON ..........coieerieritiie ettt ettt e sttt eab e e bt e bt e sbeesaeesateenteenbeenbeens 11
Characterization and Containment: Two Sides of the Same Coin..........ccccecevirieniininienieeeeeeeee 14
Tank and Infrastructure Structural INtEEIIY .........cccverieriiirciieiieieereeree et e e sreenreesaesaeseaens 20
Radiation Effects are Coupled wWith ChemiStrY........cccuiiiriiieiiiieiiieeiee ettt e eae e vee e 21
Corrosion: Degradation of Materials in Extreme Environments ..........c.ccocceeeverienininienenienenceeeneneene 22
Large- and Microscale Interactions and Uranium’s PersiStence..........cceveerieriiiiiienienienieeieeieeieeieeeeane 30
Hanford Site Waste Storage, the Vadose Zone, River Stages.........cccevieriiiiiiiiiiiiieiiesienie e 32
Geophysical Approaches for Characterizing Controls on Uranium Plume Mobility and for

Monitoring REMEAIAtION. .......ecviiriiriieiieiieiteree sttt ettt e ee st e sebeesbeessaeseessaesssessseesseesseesseessnenns 36
Surprising Effects from Seemingly Transient SPECIes.........ccvevverierrieereeriienienieeieereeieeseeseesenesneesse s 42
Solution Speciation and Solid Phase Nucleation Are Not Well Understood............cccccveeeieeriiieenireenneennns 44

viii Basic Research Needs for Environmental Management



ACRONYMS AND ABBREVIATIONS

ACRONYMS AND ABBREVIATIONS

CSSX
DLVO
DOE
EM
PRD
PUREX

caustic-side solvent extraction
Deryaguin-Landau-Verwey-Overbeek
US Department of Energy

Office of Environmental Management
Priority Research Direction

plutonium-uranium extraction

X






EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

One of the US Department of Energy’s (DOE) biggest challenges today is cleanup of the legacy resulting
from more than half a century of nuclear weapons production. The research and manufacturing associated
with the development of the nation’s nuclear arsenal has left behind staggering quantities of highly
complex, highly radioactive wastes and contaminated soils and groundwaters. Based on current
knowledge of these legacy problems and currently available technologies, DOE projects that hundreds of
billions of dollars and more than 50 years of effort will be required for remediation.

Over the past decade, DOE’s progress towards cleanup has been stymied in part by a lack of investment
in basic science that is foundational to innovation and new technology development. During this decade,
amazing progress has been made in both experimental and computational tools that have been applied to
many energy problems such as catalysis, bioenergy, solar energy, etc. Our abilities to observe, model, and
exploit chemical phenomena at the atomic level along with our understanding of the translation of
molecular phenomena to macroscopic behavior and properties have advanced tremendously; however,
remediation of DOE’s legacy waste problems has not yet benefited from these advances because of the
lack investment in basic science for environmental cleanup.

Advances in science and technology can provide the foundation for completing the cleanup more swiftly,
inexpensively, safely, and effectively. The lack of investment in research and technology development by
DOE’s Office of Environmental Management (EM) was noted in a report by a task force to the Secretary
of Energy’s Advisory Board (SEAB 2014). Among several recommendations, the report suggested a
workshop be convened to develop a strategic plan for a “fundamental research program focused on
developing new knowledge and capabilities that bear on the EM challenges.” This report summarizes the
research directions identified at a workshop on Basic Research Needs for Environmental Management.
This workshop, held July 8-11, 2015, was sponsored by three Office of Science offices: Basic Energy
Sciences, Biological and Environmental Research, and Advanced Scientific Computing Research. The
workshop participants included 65 scientists and engineers from universities, industry, and national
laboratories, along with observers from the DOE Offices of Science, EM, Nuclear Energy, and Legacy
Management.

As a result of the discussions at the workshop, participants articulated two Grand Challenges for science
associated with EM cleanup needs. They are as follows:

Interrogation of Inaccessible Environments over Extremes of Time and Space

Whether the contamination problem involves highly radioactive materials in underground waste tanks or
large volumes of contaminated soils and groundwaters beneath the Earth’s surface, characterizing the
problem is often stymied by an inability to safely and cost effectively interrogate the system. Sensors and
imaging capabilities that can operate in the extreme environments typical of EM’s remaining cleanup
challenges do not exist. Alternatively, large amounts of data can sometimes be obtained about a system,
but appropriate data analytics tools are lacking to enable effective and efficient use of all the information
for performance regression or prediction. Research into new approaches for remote and in situ sensing,
and new algorithms for data analytics are critically needed. Depending on the cleanup problem, these new
approaches must span temporal and spatial scales—from seconds to millennia, from atoms to kilometers.

Understanding and Exploiting Interfacial Phenomena in Extreme Environments

While many of EM’s remaining cleanup problems involve unprecedented extremes in complexity, an
additional layer is provided by the numerous contaminant forms and their partitioning across interfaces in
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these wastes, including liquid-liquid, liquid-solid, and others. For example, the wastes in the high-level
radioactive waste tanks can have consistencies of paste, gels, or Newtonian slurries, where water behaves
more like a solute than a solvent. Unexpected chemical forms of the contaminants and radionuclides
partition to unusual solids, colloids, and other phases in the tank wastes, complicating their efficient
separation. Mastery of the chemistry controlling contaminant speciation and its behavior at the solid-
liquid and liquid-liquid interfaces in the presence of large quantities of ionizing radiation is needed to
develop improved waste treatment approaches and enhance the operating efficiencies of treatment
facilities. These same interfacial processes, if understood, can be exploited to develop entirely new
approaches for effective separations technologies, both for tank waste processing and subsurface
remediation.

Based on the findings of the technical panels, six Priority Research Directions (PRDs) were identified as
the most urgent scientific areas that need to be addressed to enable EM to meet its mission goals. All of
these PRDs are also embodied in the two Grand Challenges. Further, these six PRDs are relevant to all
aspects of EM waste issues, including tank wastes, waste forms, and subsurface contamination. These
PRDs include:

¢ Elucidating and exploiting complex speciation and reactivity far from equilibrium

Understanding and controlling chemical and physical processes at interfaces
e Harnessing physical and chemical processes to revolutionize separations

e Mechanisms of materials degradation in harsh environments

e Mastering hierarchical structures to tailor waste forms

e Predictive understanding of subsurface system behavior and response to perturbations.

Two recurring themes emerged during the course of the workshop that cut across all of the PRDs. These
crosscutting topics give rise to Transformative Research Capabilities. The first such capability,
Multidimensional characterization of extreme, dynamic, and inaccessible environments, centers on the
need for obtaining detailed chemical and physical information on EM wastes in waste tanks and during
waste processing, in wastes forms, and in the environment. New approaches are needed to characterize
and monitor these highly hazardous and/or inaccessible materials in their natural environment, either
using in situ techniques or remote monitoring. These approaches are particularly suited for studying
changes in the wastes over time and distances, for example. Such in situ and remote techniques are also
critical for monitoring the effectiveness of waste processes, subsurface transport, and long-term waste
form stability. However, far more detailed information will be needed to obtain fundamental insight into
materials structure and molecular-level chemical and physical processes required for many of the PRDs.
For these studies, samples must be retrieved and studied ex situ, but the hazardous nature of these samples
requires special handling. Recent advances in nanoscience have catalyzed the development of high-
sensitivity characterization tools—many of which are available at DOE user facilities, including
radiological user facilities—and the means of handling ultrasmall samples, including micro- and
nanofluidics and nanofabrication tools. These advances open the door to obtaining unprecedented
information that is crucial to formulating concepts for new technologies to complete EM’s mission.

The sheer magnitude of the data needed to fully understand the complexity of EM wastes is daunting, but
it is just the beginning. Additional data will need to be gathered to both monitor and predict changes—in
tank wastes, during processing, in waste forms and in the subsurface over broad time and spatial scales.
Therefore, the second Transformative Research Capability, Integrated simulation and data-enabled
discovery, identified the need to develop curated databases and link experiments and theory through big-
deep data methodologies. These state-of-the-art capabilities will be enabled by high-performance
computing resources available at DOE user facilities.
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The foundational knowledge to support innovation for EM cannot wait as the tank wastes continue to
deteriorate and result in environmental, health, and safety issues. As clearly stated in the 2014 Secretary
of Energy Advisory Board report, completion of EM’s remaining responsibilities will simply not be
possible without significant innovation and that innovation can be derived from use-inspired fundamental
research as described in this report. The breakthroughs that will evolve from this investment in basic
science will reduce the overall risk and financial burden of cleanup while also increasing the probability
of success. The time is now ripe to proceed with the basic science in support of more effective solutions
for environmental management. The knowledge gleaned from this basic research will also have broad
applicability to many other areas central to DOE’s mission, including separations methods for critical
materials recovery and isotope production, robust materials for advanced reactor and steam turbine
designs, and new capabilities for examining subsurface transport relevant to the water/energy nexus.
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During World War II and the Cold War, the US Department of Energy (DOE) and its predecessor
agencies produced significant quantities of materials for the nation's arsenal of nuclear weapons. This
large-scale production involved processes that were conducted in multiple government-owned facilities
distributed across the United States. Processes included uranium mining and milling; uranium

enrichment; fuel and target fabrication; irradiation in nuclear reactors; chemical separations; production of
uranium and plutonium oxide, alloys, and other metallic products; and management of the wastes
associated with these processes. These large-scale industrial activities produced a tremendous quantity of
wastes in many forms. In addition, there were intentional and accidental releases of radioactivity and
hazardous materials to the environment.

Nuclear weapons production in the United States ceased in the late 1980s and early 1990s, and the
facilities were placed in varying degrees of disposition as the Cold War came to an end. At this time,
DOE’s focus turned towards remediation of the weapons legacy that resulted from the production and
research operations. DOE’s Office of Environmental Management (EM) was charged with the legacy
cleanup. As EM began its efforts, at least 29 states were home to one or more of the original 107 legacy
sites that made up the nationwide nuclear weapons complex (DOE 1997). Since EM began its efforts in
1989, 91 of these original sites have been remediated, costing over $150 billion. However, these sites
were relatively small and not extensively contaminated. In contrast, the remaining 16 sites present
exceedingly greater technological challenges, with highly contaminated materials and wastes as well as
extensive environmental contamination. The states left with the largest quantities of legacy materials and
facilities are South Carolina (Savannah River Site), Tennessee (Oak Ridge Reservation), and Washington
(Hanford Site).

EM’s remaining cleanup challenges are simply staggering in their technical complexity and will take
decades to resolve. As EM plans for these remaining challenges, it projects that completion of its mission
will require at least another 50 years and at least $235 billion. Nearly half of the estimated funding is
required for processing millions of liters of highly radioactive liquid wastes that are currently stored in
over 200 underground tanks. Based on historical funding levels of $6 billion per year, EM currently
estimates a budget shortfall of at least $28 billion. A recent report by the Secretary of Energy Advisory
Board stated, “Finding ways to reduce the aggregate cost, to do the job more effectively and safely, and to
speed up the work will clearly serve the American public. Technology offers that opportunity. Moreover,
new technology is necessary because there are significant challenges associated with the cleanup work
ahead. In fact, without the development of new technology, it is not clear that the cleanup can be
completed satisfactorily or at any reasonable cost” (SEAB 2014).

In the early years (before 2000), about 4 percent of EM’s budget was invested in research and
development. For various reasons since that time, EM’s investment in research and development has
plummeted such that in 2014, the budget for technology development was only 0.2 percent of EM’s
budget. Over the past decade, significant advances have been made in experimental and computational
tools to enable the development of foundational knowledge of molecular phenomena. In other aspects of
DOE’s technology programs, amazing progress has occurred in the ability to link molecular phenomena
to macroscopic observables over time and space. However, due to the lack of investment in basic research
for technology development by EM, waste cleanup efforts have not benefited from these advances; this
lack of investment has limited innovation and new technology development for cleanup. This presents the
opportunity to invest in basic science to provide a foundation for new cleanup approaches. Although there
is urgency in moving forward on DOE cleanup, the timeframe for completion allows for investment in
use-inspired basic science associated with bottlenecks in the cleanup processes. Such investment will
serve the American public by reducing aggregate costs via increased efficiencies and efficacies of
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remediation. Broader impacts of the research needs described in this report include other areas central to
DOE’s mission. From these efforts, new separations methods may be realized for critical materials
recovery and isotope production. In addition, this work may lead to more robust materials for advanced
reactor and steam turbine designs, and new capabilities for examining subsurface transport relevant to the
water/energy nexus.

Transformative Opportunities to Innovate Revolutionary New Cleanup
Approaches

The pursuit of fundamental research that bears on EM challenges could advance understanding in
important areas and pave the way for both incremental improvements and high-impact technology that
would significantly reduce the magnitude of the cleanup cost and schedule. As noted by a Secretary of
Energy Advisory Board task force, EM has lacked a vigorous effort to pursue use-inspired fundamental
research and develop technologies that are outside of their day-to-day program over the last decade
(SEAB 2014). Such a vigorous research effort must target big challenges that hold the promise of
breakthrough performance. This situation has hampered opportunities to develop game-changing
technologies that could significantly speed cleanup, reduce cost, and/or improve effectiveness. Given the
expected duration of the work, there is ample time to develop and deploy such technologies or to adapt
and improve technologies from other industries or applications.

One example of a missed opportunity relates to the high-level radioactive wastes currently stored in tanks
at the Hanford Site in Washington State, the Savannah River Site in South Carolina, and the West Valley
Nuclear Site in New York. Nearly half of EM’s cleanup funding is currently being spent to address the
required processing of about 300 million liters of highly radioactive wastes that are distributed between
these sites. Large quantities of highly radioactive materials must be processed and effectively
immobilized in waste forms that will endure storage for many hundreds of years. However, the contents
of these tanks represent some of the most complex and hazardous mixtures known on Earth, containing
hundreds of curies of radioactivity and a multitude of chemical components, including soluble materials,
suspended solids, precipitates (sludge), and gases. The contents of these tanks are highly alkaline, contain
concentrated electrolytes, and are highly radioactive. Further, the wastes within a given tank are stratified
and very heterogeneous; they vary tremendously between tanks; and are changing with time due to
radiation effects and chemical reactivity. Even understanding the most basic information, such as the full
range of species present in the tanks, is a significant challenge. The stability of the tanks themselves is a
great concern because the extreme conditions inside the tanks has promoted corrosion and failure of tank
materials. Some of the tanks have leaked over the decades and contributed to contamination of tens of
square miles of groundwater and soils with radioactive and other hazardous wastes that require
monitoring and/or remediation with additional associated costs.

While the challenges associated with high-level radioactive wastes and other EM cleanup problems may
at first seem insurmountable, major technology breakthroughs are possible if they are based on a
fundamental understanding of the effects of extreme environments on the chemistry of the system and the
materials within the system. By understanding the demands placed on the contaminant species and
associated materials by extreme environments, particularly at the atomic and molecular levels, scientists
and engineers can begin to exploit previously unknown and unrealized chemistries, which can lead to the
development of next-generation, disruptive technologies. Over the last decade, incredible advances in
computational ability, understanding of nanoscience, and amazing increases in resolution for dynamic
imaging and other spectroscopies have occurred. Unfortunately, the EM cleanup mission has not yet
benefited from these advances. Applying these revolutionary new tools to EM’s problems can create an
entirely new paradigm for legacy waste cleanup.
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Defining Basic Research Needs for Environmental Management

One of the recommendations of the Secretary of Energy Advisory Board task force was for DOE’s Office
of Science to conduct a workshop to develop a strategic research plan to inform a plan for a “fundamental
research program focused on developing new knowledge and capabilities that bear on the EM challenges”
(SEAB 2014). This report summarizes the research directions identified at a workshop titled Basic
Research Needs for Environmental Management. This workshop, held July 8-11, 2015, was sponsored by
three Office of Science offices: Basic Energy Sciences, Biological and Environmental Research, and
Advanced Scientific Computing Research, and was supported by EM. Prior to the workshop, experts who
have extensive knowledge of EM sites, especially Savannah River and Hanford Sites, prepared a
technology resource document, Technology and Applied R&D Needs for Environmental Management
(Appendix A), which provided the foundation on which the discussions of the workshop were initiated
(Appendix B). The workshop participants included 65 scientists and engineers from universities, industry,
and national laboratories, along with observers from the DOE Office of Science, EM, and the Offices of
Nuclear Energy and Legacy Management.

The workshop began with a plenary session that outlined the current state of the art and technology gaps
that impact EM’s mission. The participants divided into panels to assess promising basic research
opportunities that form the basis of this report. Panel 1, Waste Stream Characterization, Transformation,
and Separations, examined research needs in measurement and characterization of waste streams, actinide
and fission product chemistry in synthetic and natural environments, and separation approaches. Panel 2,
Waste Forms, examined issues related to the stability of vitrified wastes, ceramics, other waste forms, and
to metal waste containers (including the tanks) resulting from stresses induced by radiation, temperature,
corrosion, and other chemical reactions. Panel 3, Contaminant Fate and Transport in Geological
Environments, examined issues related to understanding the relevant subsurface environment; multiphase
flow and transport; and measurement, modeling and verification, and systems approaches. A fourth panel
was formed to assess common basic research needs that cut across the three technology panels. The goal
of these panels was to identify specific Priority Research Directions (PRDs) that would lead to the
development of revolutionary new technologies to advance EM’s mission with respect to effectiveness,
cost, and safety.

The sheer complexity of stored tank wastes presents a huge technology challenge for EM. The many
hundreds of chemicals in the tanks exist as solids, liquids, and gases in an environment that is far from
equilibrium. The resulting mixtures are dynamic in composition, driven by localized inhomogeneities and
the presence of highly ionizing radiation and electrons and radicals that exist due to extremes in alkalinity
and ionic strength. Thus, the specific forms of many radionuclides in these tanks are poorly understood
and it is essential to understand the chemistries of these species before efficient approaches for separating
these highly radiative species can be devised. Further, the dynamic environments of these tank wastes
require understanding the interactions of species across broad length and time scales, from atomic to
meter scales and from fractions of a second to years. Understanding the chemical interactions occurring in
the tanks will also provide insight into macroscale phenomena, such as waste stream rheology, slurry
agglomeration, and precipitation, which will help prevent pipe clogging, precipitation, and filter fouling
and thus improve solution handling as these materials are being processed.

Without a doubt, the biggest technical bottleneck that must be addressed is the separations of the most
highly hazardous radioactive materials from the tank solutions. To complete EM’s mission in an efficient
and cost-effective manner, a new generation of separation materials is critically needed. These materials
must be extremely robust—with high performance lifetimes and recyclability—and capable of
withstanding high levels of ionization radiation and alkalinity. Recent advances in nanoscience may lead
to the design of new materials with specific architectures to yield materials with tailored pores or
supramolecular structures that are highly selective for the targeted chemical species. One could even
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imagine materials designed to remove multiple species in a single step, rather than needing to have costly,
sequential processes. To realize this potential, however, fundamental understanding of the chemical
interactions of the targeted species with the separations materials is mandatory.

Processing the tank wastes will also require vessels, piping, and other materials designed to operate
reliably in the extreme conditions that exist in the waste tank solutions. Failures of these materials can
result in costly unexpected interruptions in processing and unintended release of these materials into the
environment. Understanding the interactions of the tank waste solutions with exposed materials at the
atomic scale is critical in elucidating the failure of these materials. This knowledge will, in turn, serve as
the basis for development of new materials that will meet the full range of requirements needed for waste
handling, processing, and long-term storage.

Once the highly hazardous materials are isolated, they must be prepared for disposal to ensure long-term
safety of human health and the environment. Unfortunately, the extreme complexity of the tank wastes,
and the variability from one tank to another, precludes a single approach for waste stabilization. Thus,
new materials are needed to provide immobilization that is predictable over hundreds and thousands of
years. This will require a fundamental understanding of the myriad processes that can cause deterioration
and eventual failure of storage materials. In addition, the processes developed to isolate the highly
hazardous materials must be closely coupled with the design of materials for long-term storage.

Designing these processes and materials as a system will have an enormous impact on the development of
efficient, predictable, and cost-effective protocols required to meet EM’s mission.

As processes are being developed for treating and long-term storage of tank wastes, leakage from these
tanks continues to contaminate the environment on and surrounding DOE sites. Remediation of sites,
estimated to include millions of liters of water and tens of million cubic meters of soil, requires
understanding of subsurface processes and properties that influence the fate and transport of the
contaminates. In addition, this knowledge will provide the scientific basis for developing next-generation
remediation technologies for EM. A significant challenge is identifying the chemical form of radioactive
contaminants in the subsurface environment, including the transformation of these materials by
biogeochemical processes. This environment is immensely complex, with inorganic and organic species
co-mingled with microbes and reactive solutes that can both control transport in the subsurface and
modify the chemical state of the contaminant. Unfortunately, the complex processes that occur in the
subsurface are poorly understood. This information is vitally important for comprehending and predicting
the chemical, physical, and biological processes that control transport of contaminants in the environment
and for developing effective methods for remediating soils and waters. For example, little is understood
about the interfacial processes that control transport of materials through pores, especially low-
permeability domains, in the subsurface. Further complicating these environments are transient
perturbations such as extreme natural and human-made events. These events include floods, fires, and
contaminant releases, among others. Understanding the fundamental transport of materials in the
subsurface and the impact of transient effects is critically needed to obtain predictive models of how such
events will affect management and remediation of contaminated soils and water.

The participants in the workshop panels noted that for the first time in history a combination of
experimental and computational tools is available that has remarkable power and uniqueness suitable for
exploring the characteristics of materials at length and time scales necessary to understand performance in
extremes. Among them are high-intensity X-ray light sources, high-flux neutron sources, high-intensity,
advanced microscopies (including optical, electron, and scanning probes), radiological facilities, and
ultrascale computers, combined with modeling, simulation, and data visualization tools needed to take
advantage of their power.
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Summary of the Outcomes of the Workshop

As a result of the discussions at the workshop, two overarching Grand Challenges emerged, as outlined
below.

Interrogation of inaccessible environments over extremes of time and space. Whether the contamination
problem involves highly radioactive materials in underground waste tanks or large volumes of
contaminated soils and groundwaters beneath the Earth’s surface, characterizing the problem is often
stymied by an inability to safely and cost effectively access the system. Sensors and imaging capabilities
that can operate in the extreme environments typical of EM’s remaining cleanup challenges do not exist.
Alternatively, large amounts of data can sometime be obtained about a system, but appropriate data
analytics tools are lacking to enable effective and efficient use of all of the information. Research into
new approaches for remote and in situ sensing and new algorithms for data analytics are critically needed.
Depending on the cleanup problem, these new approaches must span temporal problems from seconds to
millennia and spatial scales from atoms to kilometers.

Understanding and exploiting interfacial phenomena in extreme environments. While many of EM’s
remaining cleanup problems involve unprecedented extremes in complexity, an additional layer is
provided by the multitude of interfaces in these wastes including liquid-liquid, liquid-solid, and others.
For example, tank wastes can have the consistency of peanut butter, where water behaves more like a
solute than a solvent, and radionuclides can partition to solids, colloids, and other phases, complicating
their efficient separation. A better understanding of contaminant behavior at the solid-liquid and liquid-
liquid interfaces in the presence of large quantities of ionizing radiation is needed to develop improved
waste treatment approaches and enhance the operating efficiencies of waste treatment facilities. However,
these same interfacial processes, if understood, could form the basis of entirely new approaches for
effective separations technologies, both for tank waste processing and subsurface remediation.

These Grand Challenges encompass six PRDs that were identified as the most urgent scientific areas that
need to be addressed to enable EM to meet its mission goals. Further, these six PRDs are relevant to tank
wastes, waste forms, and subsurface contamination. These PRDs are as follows:

¢ Flucidating and exploiting complex speciation and reactivity far from equilibrium

Understanding and controlling chemical and physical processes at interfaces

e Harnessing physical and chemical processes to revolutionize separations

Mechanisms of materials degradation in harsh environments

Mastering hierarchical structures to tailor waste forms

Predictive understanding of subsurface system behavior and response to perturbations.

Two recurring themes emerged during the course of the workshop, giving rise to Transformative
Research Capabilities. The first opportunity, Multidimensional characterization of extreme, dynamic, and
inaccessible environments, centers on the need for obtaining detailed chemical and physical information
on EM wastes in waste tanks and during waste processing, in wastes forms, and in the environment. New
approaches are needed to characterize and monitor these highly hazardous materials which are often
inaccessible in their natural environment, either using in situ techniques or remote monitoring. These
approaches are particularly suited for studying changes in the wastes over time and distances, for
example. Such in situ and remote techniques are also critical for monitoring the effectiveness of waste
processes, subsurface transport, and long-term waste stability. However, far more detailed information
will be needed to obtain fundamental insight into materials structure and molecular-level chemical and
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physical processes required for many of the PRDs. For these studies, samples must be retrieved and
studied ex situ, but the hazardous nature of these samples requires special handling. Recent advances in
nanoscience have catalyzed the development of high-sensitivity characterization tools, many of which are
available at DOE user facilities, as well as the means of handling ultrasmall samples including micro and
nanofluidics and nanofabrication tools. These advances open the door to obtaining unprecedented
information on EM wastes that are critically needed to formulate concepts for new technologies required
for completing EM’s mission.

The sheer magnitude of the data needed to fully understand the complexity of EM wastes is daunting, but
it is just the beginning. Additional data will need to be gathered to both monitor and predict changes—in
tank wastes, during processing, in waste forms, and in the subsurface over broad time and spatial scales.
Therefore, the Transformative Research Capability, Integrated simulation and data-enabled discovery,
identified the need to develop curated databases and link experiments and theory through big-deep data
methodologies, where precisely targeted queries are made on large (petabytes and exabytes) data sets to
provide real-time or near-real-time responses. These state-of-the-art capabilities will be enabled by high-
performance computing resources available at DOE user facilities.

The foundational knowledge to support innovation for EM cannot wait as the tank wastes continue to
deteriorate and result in environmental, health, and safety issues. As clearly stated in the 2014 Secretary
of Energy Advisory Board report, completion of EM’s remaining responsibilities will simply not be
possible without significant innovation and that innovation can be derived from use-inspired fundamental
research as described in this report. The breakthroughs that will evolve from this investment in basic
science will reduce the overall risk and financial burden of cleanup while also increasing the probability
of success. The time is now ripe to proceed with the basic science in support of more effective solutions
for environmental management.
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PANEL 1: WASTE STREAM CHARACTERIZATION,
TRANSFORMATION, AND SEPARATIONS

Abstract

DOE EM is faced with the staggering responsibility of processing millions of liters of highly radioactive
wastes to prepare them for geologic disposal. The chemistry of these wastes is highly heterogeneous and
far from equilibrium due to high radioactivity, pH, and ionic strength. Current technologies fall far short
of achieving this mission, and new approaches are critically needed to process these wastes efficiently and
effectively. An essential first step is gaining a fundamental understanding of the multitude of chemical
and physical processes that occur in these extreme environments, taking advantage of recent advances in
nanoscience and new capabilities at DOE user facilities. Armed with this information, basic research can
catalyze the development of wholly new processing technologies that can efficiently isolate hazardous
materials from these wastes and safely meet EM’s goals in a timely and cost-effective manner.

Introduction

EM has made substantial progress towards remediating many of its nuclear weapons and nuclear research
sites; however, the remaining sites are vastly more complex and present significantly greater technical
challenges and safety risks (Rimando, Jr. 2015). To safely complete the remaining cleanup, new
approaches and technologies are needed to characterize, separate, and stabilize the wastes in forms that
are acceptable for disposal. Conventional waste processing is expected to continue for at least several
decades, which provides time for use-inspired research to support new approaches and technology
development.

At the Hanford and Savannah River Sites, millions of liters of highly radioactive wastes are stored in
aging waste tanks. At the Hanford Site, the compositions of the wastes vary from tank to tank because of
upstream processes employed over the years. Further, the contents of various tanks were sometimes
combined with other tanks. The wastes contain combinations of hundreds of chemical constituents in
different forms. The chemical conditions of every tank are considered extreme due to high alkalinity,
concentrated electrolytes, and large amounts of ionizing radiation. More details on the waste stream
quantities and characteristics can be found in Appendix A.

In many cases, the processing of tank wastes is stymied because of the coupled complexity of the waste
chemistry and associated safety risks. At the same time, the storage tanks are beyond their design life and,
because some are now leaking, there is an urgent need for moving forward. Efficiencies are not optimized
where wastes are being processed, which increases costs.

Waste characterization before processing is extremely expensive, primarily because the waste materials
are highly radioactive (SRNL 2015). The radiation environment also causes surprises with respect to the
behavior of the waste streams during processing. For example, solids in the actual waste streams are often
more refractory than simulants that have not been exposed to the extreme conditions of the waste tanks
(Russel et al. 2009). The costs associated with production of the waste forms and their ultimate disposal
are extremely high, thus new methods are needed to increase separations efficiencies and optimize waste
processing.

Over the past decades, DOE has developed some highly successful separations processes for these kinds
of complex matrices, such as plutonium-uranium extraction (PUREX) to isolate plutonium and caustic-
side solvent extraction (CSSX) to recover cesium (see Appendix A). Both of these processes are examples
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of the efficiencies and specificities that are possible, and both evolved from long-term investments in
fundamental and use-inspired research programs. Additional, similar separations targeted at other key
radionuclides are needed; for example, new extractive reagents for processes that combine high
selectivities with favorable phase properties and resistance to or specific exploitation of radiolytic
degradation. Some progress has been made in new approaches, such as oxidative caustic dissolution for
the Hanford Site wastes, but lingering technical issues must be addressed before implementation. For this
specific example, a more rigorous understanding of plutonium redox chemistry, speciation, coordination,
and kinetics under highly caustic and radiolytic environments is needed. More generally, fundamental
knowledge on the dynamics of interfacial chemistry of the waste solids and the associated fission
products and other contaminants in radiation environments is essential to support safe and improved
characterization and processing.

Fundamental Challenges and Research Opportunities

Any approach for processing stored tank wastes must deal with the extreme complexity of the wastes,
which include numerous complicated assemblages of soluble materials, suspended and precipitated solids,
liquids, and gases that are inhomogeneously distributed within the tanks. In most cases, water is limited in
the wastes and acts as a solute rather than a solvent. A further complication is that these mixtures are
dynamic—these assemblages have been aging in highly alkaline concentrated electrolytes and subjected
to large quantities of ionizing radiation over many decades. These conditions have caused changes over
time, including formation of unexpected electronic oxidation states in unusual chemical forms.

Under these conditions, risk-driving radionuclides (for example, plutonium, americium, curium,
technetium, cesium, strontium, and iodine) have poorly understood chemistries that limit predictability of
their behavior in process streams. Although recent studies on hydrated actinide cations such as
Th(H,0)10*, Pu(H,0)s**, and Cm(H,0)s*" have significantly advanced the fundamental understanding of
actinides in solution (Knope and Soderholm 2013), this behavior does not translate to the waste tank
environment. Approaches developed for effective characterization and separations of tank wastes must
address chemistries never before considered. Extending scientific knowledge of redox speciation in a
radiation environment is essential. To gain more predictive capability, it is critical to determine valence,
bonding, structure, and the phase of waste components in complex environments in the form of aqueous
solutes, clusters, nanoparticles, sorbates, and incorporated ions in inorganic and organic materials. In
addition to actinides and fission products, significant volumes of aluminum, chromium, phosphate,
bismuth, and iron were commonly introduced into the solutions to improve initial separations processes.
The presence of these additional materials complicates downstream processing and waste immobilization;
thus, approaches for the efficient removal of these nonradioactive species are also needed. An example
for species of technetium is provided in the sidebar. In this case, available thermodynamic data suggest
that the species in the soluble fraction of the waste stream should be the pertechnetate anion (for example,
TcOy); the chemical form that is observed is a transient monovalent technetium cation in the form of
either Tc(CO)s" or Te(CO)NO*" (Lukens et al. 2004).

Current understanding falls far short of providing the necessary foundation to develop reliable
technologies for these extreme chemistries. Advances in fundamental science describing the speciation
and chemical behavior of the actinides and fission products are essential to support waste characterization
and separations technologies for the treatment of high-level radioactive wastes.
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TECHNETIUM CARBONYL SPECIATION IN WASTE TANKS

Eh (volts)

Pourbaix diagram of technetium (left) and structure of a transient species suspected to be in the supernatant
fraction of the Hanford Site tank wastes (Lukens et al. 2004; Pourbaix 1966; Serne and Rapko 2014).
Images courtesy of Pacific Northwest National Laboratory.

The highly radioactive wastes in the tanks at the Hanford Site represent chemical systems that are far
from equilibrium. Consequently, when the wastes are characterized before processing, unexpected
species are found. For example, based on equilibrium thermodynamic calculations, the technetium
(Tc) ion is expected to exist in the tank waste system as the pertechnetate species, TcOy. Instead, a
range of chemical forms is observed, with many of them being complete surprises. These surprises
include monovalent technetium carbonyl species such as T¢(CO);" and Tc(CO).NO?* (see figure).
Clearly, the conditions of the radioactive waste tanks are driving the formation and persistence of
species that under equilibrium conditions are considered to be transient and unimportant. Designing
processing schemes and separations for the highly radioactive waste streams must consider these
species, yet the scientific basis for predicting them is currently lacking.
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Understand Interactions across Multiple Scales

Predicting the behavior of high-level radioactive wastes and developing methods for their characterization
and treatment requires an understanding of multiscale complexity and heterogeneity. This is where
molecular, ionic, and electronic processes at interfaces (for example, solid-solid, liquid-solid, solid-gas,
and liquid-liquid) in radiation environments often control interactions at the mesoscale. In turn, these
interactions control a range of properties across various scales including colloid formation, particle
transport, and flocculation or precipitation. The broad timescales of these dynamics are also equally
important. Building a predictive capability for these interactions is a grand scientific challenge requiring
development and application of new analytical and computational techniques. These methods could
provide critical insights needed to understand and control the multitude of interactions in heterogeneous
media across large variations and the three spatial dimensions and time. Advances in techniques for tank
waste processing will also likely be useful for other EM mission applications, such as subsurface
interfacial chemistry and contaminant transport.

Although knowledge of the collective phenomena is necessary for understanding interactions across
scales, a first step involving individual system components is often necessary. This may mean isolating
specific components for study that can lead to unintentional alteration of the system, including masking
collective phenomena. For example, both amorphous and crystalline solids may play important roles in
the behavior of certain wastes. These mixtures of solids require multimodal characterization such as
X-ray scattering and diffraction as well as electron microscopy and optical spectroscopy. Advances in
multimodal approaches that combine spectroscopic methods into a single measurement tool, as shown in
the following sidebar, will likely prove very useful for capturing the collective behavior while also
characterizing individual components. New analytical methods that can simultaneously take advantage of
the individual chemical and physical properties of the heterogeneous mixtures (for example, differences
in chemical state, density, and magnetic susceptibility) can also help minimize secondary waste volumes
resulting from analysis. Also, analytical separations based on micro- and nano-fluidic approaches can lead
to significant analytical cost savings due to waste minimization.

DOE scientific user facilities provide an exciting opportunity to probe structure and interactions at
multiple length and timescales, in sometimes challenging operational situations such as those involving
radioactivity. Neutron sources, X-ray light sources, electron microscopy centers, radiological user
facilities, high-performance computing, and nanoscience facilities allow coupling theory with
experiments done on multiple length scales. In particular, a number of remarkable developments have
enabled X-ray and neutron scattering/reflectivity to probe structures at interfaces directly (Bera et al.
2015; Bu et al. 2014; Scoppola et al. 2015). Accomplishing this goal also requires developing new theory
and algorithms implemented on exascale computer architectures to treat interactions in complex media
across temporal and spatial scales. New computational approaches are also needed for searching,
manipulating, and exploiting both existing and future data sets. Additionally, advances in uncertainty
quantification could provide significant benefit to understanding the properties of waste streams and
subsequent processing, including tank closure, filling, and monitoring.

Finally, understanding chemical interactions across scales of time and space will provide a molecular-
scale explanation of poorly understood macroscale phenomena, such as waste stream rheology, slurry
agglomeration, and control of precipitation. In turn, this understanding will provide the foundation for
improving mixing systems, preventing pipe clogging and membrane fouling, and designing new, robust
separations systems. This knowledge will reach far beyond high-level radioactive wastes and can be used
to address many other complex heterogeneous processing problems, such as predicting subsurface colloid
transport, designing coal slurry processing, and developing suspension-based biomass processing.
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MULTIMODAL CHARACTERIZATION
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Multimodal approach offers insights on metal
cation speciation in and on liquid drops. Image
reprinted (adapted) with permission from
Polynuclear Speciation of Trivalent Cations
near the Surface of an Electrolyte Solution,
Mrinal K. Bera and Mark R. Antonio,
Langmuir, 31 (19), 5432-5439 DOI:
10.1021/acs.langmuir.5b01354. Copyright
(2015) American Chemical Society.

By harvesting both electrons and photons
from a liquid drop that is illuminated by
X-rays, researchers have developed a new
multimodal approach for understanding the
redox speciation of targeted metal cations
(denoted as M) at the surface and in the bulk
of liquid drops (Bera et al. 2015). The initial
results for a selection of trivalent metal
cations reveal an unexpected polynuclear
metal speciation at the surface of the drop;
whereas the typical mononuclear speciation
expected of an aquated metal cation is found
in the bulk interior. This new
characterization technique provides a new
approach for understanding molecular
reactions of solvent extraction systems for
the separation of metal ions from aqueous
media (Bera and Antonio 2015).
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Design and Synthesize Tailored Materials for Inproved Separations

The development of new separations materials is critical for
efficient processing of tank wastes. Designing materials that can
respond favorably to large doses of ionizing radiation would
significantly benefit the processing of high-level radioactive
wastes. Design approaches must also consider materials
performance lifetimes and recyclability at extreme conditions.
Highly selective separations approaches can be designed using
materials at the molecular- and supramolecular-length scales via
chelation. Also, computational approaches can be used to
design highly specific supramolecular structures, as
demonstrated for the CSSX chelator currently in use at the
Savannah River Site.

In addition to developing new materials with enhanced
selectivity, fundamental approaches are needed for optimizing
the properties of extractive systems to allow process scale up.

For new extractants to be process-compatible, they must be
resistant to third-phase formation. They must also be either
resistant to radiolytic degradation, or preferably, they should
exploit changes induced by ionizing radiation. Moreover, new
nanomaterials can be employed for sequestration and
separations processes. For example, graphene shows
remarkable resistance towards radiolytic damage and can also
be tailored into nanoporous materials that can separate metal
ions, as already demonstrated for water desalination (Surwade
et al. 2015) and for selective alkali metal cation binding (Guo
et al. 2014). Furthermore, recent progress in actinide borate
chemistry (Wang et al. 2011), particularly with regard to their
porosity and anion exchange capacities, could lead to the
development of high-performance separations and
identification of solubility-limited waste forms (Figure 1). A
significant advantage of nanoscale materials is that they offer
prospects for rational and deliberate designs to provide highly
efficient separations. For example, high surface-area materials

Figure 1. Three (a, b, ¢) graphical
representations of the molecular and
crystal structures of a californium(III)
borate, Cf{BsOs(OH)s]. Actinide borate
structures such as these may be used to
design new generations of materials for
separations and waste forms. With a
broader fundamental understanding of
their behavior, materials properties
such as porosities and ion exchange
capacities might be tuned to match
specific large-scale processing needs.
Reprinted by permission from
Macmillan Publishers Ltd: Nature
Chemistry (Polinski et al. 2014).
Copyright 2014.

can be designed to provide specific, uniform pore sizes or can be chemically modified to target specific
molecular interactions that can enhance selectivity. To take full advantage of nanoscale materials for
separations, a fundamental understanding is required of chemical interactions at the surface of the solid-
state separations media and actinide and lanthanide complexes. In summary, advances in fundamental
chemistry of interfacial interactions in radiation environments will have a tremendous impact on
advancing separations technologies for the EM mission and many other applications important to DOE’s

energy mission.

Understand Electron-, lon-, and Radical-Driven Phenomena in Bulk and Interfaces

Redox phenomena that are driven by electron, ion, and radical reactions play important roles in the
chemistry of many of the longer lived radionuclides in high-level radioactive wastes. lonizing radiation
produces an avalanche of secondary particles. The most important particles are low-energy electrons,
solvated electrons, neutral radicals, radical ions, alpha and beta particles, neutrons, and gamma radiation.

12
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These particles can initiate a cascade of secondary electrons. These secondary electrons can drive
unexpected chemical speciation and reactivity including corrosion. The radiolysis reactions shown in
Figure 2 rely on water, which is limited in the tank waste systems. The ability to identify the oxidants and
reductants, and anticipate or control their impact on the reactivity of the molecular species in the waste
streams, is quite limited. Yet this is pivotal knowledge for developing a thorough and predictive
understanding of basic chemical phenomena involving absorption, solvation, complexation, exchange,
electron transfer, and hydrolysis behaviors, all of which comprise an essential foundation for safe and
cost-effective processing of high-level wastes.

H,0* + (e)*

W

H;O0* + OH (+| e

aq

+H,0
(e)* H,O

(e_)* H2 + 0
H,0 > H,0* H+H+O
H+ OH

A 4

+ H,0
+(e)* H,0 + H,0*

H-+ OH
H,+ O
H+ OH-
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Figure 2. Key processes in the decomposition of water by ionizing radiation showing neutral, ionic,
and radial products with various oxidizing and reducing powers. Reprinted with permission
from Garrett et al. (2005). Copyright 2005, American Chemical Society.

Little is known about the role of ionizing radiation on the chemical and physical behavior of
nanoparticles, colloids, and ultrafine precipitates. Some evidence exists in the literature to suggest that
nanoparticles smaller than the mean distance that charge carriers can travel (typically < 100 nm) may
enhance the effects of radiation-induced chemistry and production of radiolysis products. In the case of
water radiation chemistry, these phenomena are particularly prevalent for metal oxides, such as ZrO,, that
have band gaps of approximately 5 eV and larger. This band-gap energy is nearly resonant with
dissociative states of the adsorbed water. Previous work using gamma rays (LaVerne 2005; Petrik et al.
2001) and ultraviolet/vacuum ultraviolet photons (Poston et al. 2014) demonstrate the importance of the
chemical identity and phase of the particles in the radiation production of molecular hydrogen during
water radiolysis. Combining state-of-the-art experimental and computational approaches could elucidate,
for the first time, the role of chemical entities that range from simple aquated ions (angstrom scale) to
molecular coordination compounds (nanometer scale), and even macromolecular grains (micron-scale
colloidal systems).

Finally, details about the transuranic elements in the inhomogeneous, chemically diverse tank media are
generally sparse. Building a foundation for a thorough understanding of redox speciation in aqueous
systems of relevance to tank chemistry is a challenging endeavor given the complicating effects such as
radiolysis, hydrolysis, disproportionation, oligomerization, precipitation, and competitive binding effects.
However, such basic knowledge is essential for designing processing schemes to transform the waste
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streams into waste forms. Knowledge that is currently lacking includes mechanisms of the relevant
solution redox speciation and their influence on the interfacial electrochemical equilibria in such
environments, particularly those in which there are strong ionizing radiation fields.

CHARACTERIZATION AND CONTAINMENT:
TWO SIDES OF THE SAME COIN

Approximately 200 million liters of radioactive waste are stored in 177 large underground tanks at
the Hanford Site in Washington State and approximately 130 million liters in 45 tanks at the
Savannah River Site in South Carolina. The wastes, which are now decades old, are highly
radioactive, extremely caustic, and contain very high concentrations of electrolytes and precipitated
materials, along with radioactive fission products and actinide elements. Additional species include
nitrate, nitrite, hydroxide, carbonate, and phosphate ions. While it is possible to list the elements
involved, the dynamic nature of the species in the waste continues to bring surprises. For example,
the leak in a Hanford Site double-shell tank (Engeman et al. 2012) was attributed to corrosion that
should have been inhibited by nitrite and hydroxide ions; nonetheless, it occurred.

The wastes in these tanks require processing to stabilize and contain them in waste forms that must
perform for millennia. Designing effective waste forms requires matching the chemistry of the
output from the waste processing to the chemistry of the waste form. Given the complexity and
evolving nature of the wastes it is a natural but shortsighted tendency to make simple assumptions
when devising approaches for processing and stabilizing wastes. However, the complex, dynamic
nature of these wastes demands that the numerous components and processes that occur in the tanks
be fully understood. Armed with this information, efficient and cost-effective processes can be
developed. Processing and stabilizing the wastes requires an intimate connection between the science
and engineering involved in characterizing the waste, retrieving it, separating or processing it, and
converting it into its final form. Decisions made at each step—whether it is adding water to remove
sludge or adding specific chemicals to separate out troubling elements—can significantly alter the
waste stream that feeds into stabilization.

Conclusions

According to the current waste processing plans, EM must remove about 300 million liters of highly
radioactive materials from underground tanks at the Savannah River and Hanford Sites (see Appendix A),
which will result in the generation of nearly 1,100 million liters (Certa et al. 2011) of waste to be
processed into waste forms at existing or new facilities. The wastes in these tanks comprise an
extraordinarily complex mixture of chemical components under extreme conditions. The difficulties
associated with characterizing the materials in the tanks compound issues associated with developing
efficient and selective separations processes that are critical for preparing these wastes for disposal. To
address these challenges, development of new characterization approaches and generation of new
processing and separations concepts are needed. Formulation of these new concepts requires fundamental
understanding of the relevant chemical and physical phenomena across broad spatial scales, from atomic
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to mesoscale. Current knowledge gaps that impede development of new separations approaches are
daunting. The gaps include a lack of understanding of the entropic role of long-scale, organic-phase
structuring in metal ion partitioning and a lack of knowledge of the use and/or management of rare
oxidation states due to placing the separations system under kinetic control. Armed with this fundamental
knowledge, wholly new processing schemes can be designed. Recent advances in nanoscience are
particularly exciting because they offer the potential to tailor materials characteristics and functionalities
to revolutionize both the efficiency and selectivity of separations processes. Further, it may be possible to
develop separations systems that adjust to the heterogeneous system and other conditions presented to it,
instead of today’s concept of a static separations system. In summary, the development of a new
generation of processing and separations systems requires fundamental understanding of the speciation
and reactivity that occur in radiation environments and conditions of high alkalinity and concentrated
electrolytes.

References

Bera MK, G Luo, ML Schlossman, L. Soderholm, S Lee, and MR Antonio. 2015. “Erbium(III)
Coordination at the Surface of an Aqueous Electrolyte.” Journal of Physical Chemistry B 119(28): 8734—
8745. DOI: 10.1021/acs.jpcb.5b02958.

Bera MK and MR Antonio. 2015. “Polynuclear Speciation of Trivalent Cations Near the Surface of an
Electrolyte Solution.” Langmuir 31: 5432-5439. DOIL: 10.1021/acs.langmuir.5b01354.

Bu W, H Yu, G Luo, MK Bera, B Hou, B Lin, M Meron, I Kuzmenko, MR Antonio, L Soderholm, and
ML Schlossman. 2014. “Observation of a Rare Earth Ion-Extractant Complex Arrested at the Oil-Water
Interface during Solvent Extraction.” Journal of Physical Chemistry B 118(36): 10662—10674.

DOI: 10.1021/jp505661e.

Certa PJ, PA Empey, and MN Wells. 2011. River Protection Project System Plan. ORP-11242, Rev. 6,
US Department of Energy Office of River Protection, Richland, Washington.
http://www.hanford.gov/files.cfm/ORP-11242 REV 6 - %5B1110050954%5D.pdf.

Engeman JK, CL Girardot, DG Harlow, and CL Rosenkrance. 2012. Tank 241-AY-102 Leak Assessment
Report. RPP-ASMT-53793, Washington River Protection Solutions, Richland, Washington.

Garrett BC, DA Dixon, DM Camaioni, DM Chipman, MA Johnson, CD Jonah, GA Kimmel, JH Miller,
TN Rescigno, PJ Rossky, SS Xantheas, SD Colson, AH Laufer, D Ray, PF Barbara, DM Bartels, KH
Becker, KH Bowen, Jr., SE Bradforth, I Carmichael, JV Coe, LR Corrales, JP Cowin, M Dupuis, KB
Eisenthal, JA Franz, MS Gutowski, KD Jordan, BD Kay, JA LaVerne, SV Lymar, TE Madey, CW
McCurdy, D Meisel, S Mukamel, AR Nilsson, TM Orlando, NG Petrik, SM Pimblott, JR Rustad, GK
Schenter, SJ Singer, A Tokmakoff, L-S Wang, C Wittig, and TS Zwier. 2005. “Role of Water in Electron-
Initiated Processes and Radical Chemistry: Issues and Scientific Advances.” Chemical Reviews 105(1):
355-390. DOI: 10.1021/cr030453x.

Guo J, J Lee, CI Contescu, NC Gallego, ST Pantelides, SJ Pennycook, BA Moyer, and MF Chisholm.
2014. “Crown Ethers in Graphene.” Nature Communications 5: 5389. DOI: 10.1038/ncomms6389.

Knope KE and L Soderholm. 2013. “Solution and Solid-State Structural Chemistry of Actinide Hydrates
and Their Hydrolysis and Condensation Products.” Chemical Reviews 113(2): 944-994.
DOI: 10.1021/cr300212f.

Basic Research Needs for Environmental Management 15



PANEL 1: WASTE STREAM CHARACTERIZATION, TRANSFORMATION, AND SEPARATIONS

LaVerne JA. 2005. “H, Formation from the Radiolysis of Liquid Water with Zirconia.” Journal of
Physical Chemistry B 109(12): 5395-5397. DOI: 10.1021/jp044167g.

Lukens WW, DK Shuh, NC Schroeder, and KR Ashley. 2004. “Identification of the Non-Pertechnetate
Species in Hanford Waste Tanks, Tc(I)-Carbonyl Complexes.” Environmental Science & Technology
38(1): 229-233. DOI: 10.1021/es034318d.

Petrik NG, AB Alexandrov, and Al Vall. 2001. “Interfacial Energy Transfer During Gamma Radiolysis of
Water on the Surface of ZrO,, and some other Oxides.” Journal of Physical Chemistry B 105:
5935-5944. DOI: 10.1021/jp0044400.

Polinski MJ, EB Garner, R Maurice, N Planas, JT Stritzinger, TG Parker, JN Cross, TD Green, EV
Alekseev, SM Van Cleve, W Depmeier, L. Gagliardi, M Shatruk, KL. Knappenberger, G Liu, S
Skanthakumar, L Soderholm, DA Dixon, and TE Albrecht-Schmitt. 2014. “Unusual Structure, Bonding
and Properties in a Californium Borate.”” Nature Chemistry 6: 387-392. DOI: 10.1038/nchem.1896.

Poston MJ, AB Aleksandrov, DE Sabo, ZJ Zhang, and TM Orlando. 2014. “UV Photon-Induced Water
Decomposition on Zirconia Nanoparticles.” Journal of Physical Chemistry C 118: 12789—-12795.
DOI: 10.1021/jp501135r.

Pourbaix M. 1966. Atlas of Electrochemical Equilibria in Aqueous Solutions. National Association of
Corrosion, 2™ edition. CEBELCOR: Brussels, Belgium.

Rimando RV, Jr. 2015. “Enabling Cleanup Innovation.” Pre-Workshop Webinar: Basic Research Needs
for Environmental Management. June 25, 2015, pp. 12.

Russel RL, RA Peterson, HD Smith, DE Rinehart, PM Aker, and EC Buck. 2009. Development and
Characterization of Boehmite Component Simulant. PNNL-18176, Rev. 1, Pacific Northwest National
Laboratory, Richland, Washington.

Scoppola E, E Watkins, G Li Destri, L. Porcar, RA Campbell, O Konovalov, G Fragneto, and O Diat.
2015. “Structure of a Liquid/Liquid Interface During Solvent Extraction Combining X-Ray and Neutron
Reflectivity Measurements.” Physical Chemistry Chemical Physics 17: 15093-15097.

Serne and Rapko. 2014. Technetium Inventory, Distribution, and Specification in Hanford Tanks. PNNL-
23319, Pacific Northwest National Laboratory, Richland, Washington.

SRNL — Savannah River National Laboratory. 2015. Annual Report, Spring 2015. Identifying Cost
Effective Tank Waste Characterization Approaches. SRNL-STI-2015-00144, Savannah River National
Laboratory, Aiken, South Carolina.

Surwade SP, SN Smirnov, IV Vlassiouk, RR Unocic, GM Veith, S Dai, and SM Mahurin. 2015. “Water
Desalination using Nanoporous Single-Layer Graphene.” Nature Nanotechnology 10: 459—464.
DOI: 10.1038/nnano.2015.37.

Wang S, EV Alekseev, W Depmeier, and TE Albrecht-Schmitt. 2011. “Recent Progress in Actinide
Borate Chemistry.” Chemical Communications 47: 10874—10885. DOI: 10.1039/C1CC14023J.

16 Basic Research Needs for Environmental Management



PANEL 2: WASTE FORMS

PANEL 2: WASTE FORMS

Abstract

Waste forms employed for geologic disposal of EM’s radioactive wastes must be stable for millennia to
prevent release of hazardous materials to the environment. These stringent requirements demand
revolutionary concepts be developed to address current technology gaps and yield effective materials for
safe, long-term waste disposal, or EM’s mission will be at significant risk. Developing new concepts will
require a fundamental understanding of both the structure of the waste forms and the mechanisms
involved in their degradation, which can be enabled by state-of-the-art characterization techniques. New
computational tools are needed both to design new materials and predict performance of these materials
over broad timescales. Similar advances in fundamental knowledge are needed to design and assure the
performance of new structural materials used in both waste processing and disposal. The enormous
challenges defined by current technology gaps for waste forms and structural materials will require
multidisciplinary teams to assess the full range of issues that ultimately impact the performance of these
materials for meeting EM’s mission requirements.

Introduction

Past DOE nuclear materials production activities resulted in a legacy of radioactive wastes that are stored
at locations across the United States. These wastes take many forms: solid and liquid; high and low
radioactivity; and short and long half-lives. Regardless of their form or characteristics, materials play a
critical role in storing, processing, and ultimately disposing of these wastes. Highly radioactive liquid
wastes, which contain caustic solutions of inorganic and organic materials, must be stabilized into waste
forms that will sequester the contaminants for millennia. Before producing the waste form, the wastes are
stored in tanks. Special attention must be paid to the stability and integrity of materials used for the waste
forms, storage tanks, and processing lines due to extremes in radiation and chemical reactivity. In addition
to these highly radioactive wastes, DOE-owned spent nuclear fuels are an additional waste that will be
disposed of directly. In this case, the spent fuel serves as the waste form and includes the original fuel
assemblies that have been exposed to large doses of radiation during their use. The spent nuclear fuel
waste package contains significant quantities of radioactive fission products and actinides from
irradiation; they have also experienced extreme temperature changes.

Ultimately, the waste must be prepared for geologic disposal to minimize their impact on human health
and the environment. For liquid wastes, the radioactive and/or hazardous constituents are typically
processed and immobilized in vitreous (glass) or cementitious matrices. The vitrified wastes will be
disposed of in a repository where the waste form itself can serve as a barrier to releasing radionuclides.
However, the waste form barriers are supplemented by either natural barriers, such as the host rock
formation in which the repository is constructed, or engineered barriers, such as canisters, casks,
overpacks, or drip shields. For low-level waste, the waste form itself, which can be vitreous, cementitious,
or composed of other materials, will often be used as the primary barrier to environmental release. A
primer on waste form types, retention mechanisms, durability, and loading, along with examples, is
provided in Appendix C.

Degradation of any of the materials used for the waste forms, tanks, processing vessels, piping, cladding,
and associated barriers can lead to unexpected release of contaminants to the environment; thus, the long-
term (hundreds to thousands of years) integrity of these materials is of utmost importance. However,
today’s materials do not meet the full range of requirements needed for safe and effective long-term waste
storage, handling, and disposal. This requires development of new materials that are resilient in the harsh
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environments encountered in these applications to ensure the contaminants are properly sequestered for
centuries to come. Recent advances in nanoscale science, characterization, and computation have the
potential, for the first time, to enable the fundamental understanding of the myriad chemical and physical
processes associated with degradation of waste storage materials. Improved understanding of these highly
coupled processes will significantly improve development of new materials for radioactive waste storage,
processing, and long-term disposal as well as development of highly reliable models for stability of these
materials.

Fundamental Challenges and Research Opportunities

Advancing Materials for Waste Forms

Advances in materials are needed to ensure the long-term stability and safety of waste storage, including
revolutionary concepts in glasses and cementitious materials, as well as wholly new storage materials
concepts. Glasses are solid-state materials that have a topologically disordered internal structure made of
a three-dimensional network of interconnected structural blocks. Because of the disordered arrangement
of structural blocks, glasses can accommodate the wide range of elements that are present in the wastes,
allowing them to be retained within the glass structure. In the past, glass was only considered to exhibit
short-range order; however, analyses of complex glasses using high-resolution analytical tools have
revealed that medium-range structural features may also exist (Caurant et al. 2009). An enhanced
understanding of both short- and medium-range order and the effects on properties and performance of
glass waste forms is vitally needed to develop improved glass materials.

Waste loading in glass is a key parameter that impacts cost and efficiency of EM’s vitrification facilities
as well as the long-term stability of these waste forms. Currently, formation of these highly complex
vitreous materials is poorly understood. Crystallization within the glass, formation of secondary phases
(for example, salt formation) and phase separations all constrain waste loading and long-term durability
(Kim et al. 2011). The structures of these materials need to be understood from the nano- to mesoscales to
develop glass forms that can increase waste loading; even small gains in waste loading can yield dramatic
savings in operating and disposal costs. Further, this information could be coupled with processing
properties during glass formation in the melter (viscosity, liquidus temperature, electrical conductivity,
etc.) to provide input for computational modeling and establish optimum conditions to form the desired
glass structures.

Thermochemical representations of complex melts, glasses, and crystalline phases are important for
understanding the development and behavior of nuclear waste forms, including determining and
predicting melt temperatures, precipitation temperatures, viscosity, chemical activities and vapor
pressures, phase separation, glass- and crystalline-phase compositions, and stability and durability. While
models do exist for relatively simple oxide systems, they do not exist for the highly complex materials
represented by various waste form materials. For example, first principles or ab initio methods break
down when a substantial number of species need to be considered, and high-z systems (for example,
lanthanides or actinides) present substantial bottlenecks to modeling these complex systems.

Fundamental approaches must be developed to generate thermochemical models and values for systems
of interest. For example, these approaches could be applied to multielement spinels or nepheline
(Na3;KAl4Si4016) crystalline phases (see Figure 3), which are problematic with regard to glass melter
operation and waste form stability, respectively.
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Figure 3.  Structure of hexagonal nepheline according to Hahn and Buerger (1954). View along c-axis
of the P63 hexagonal nepheline structure showing layer of framework tetrahedra that point
alternately up and down and consist of nominally alternating silicon and aluminum atoms.
Reprinted from John McCloy et al. (2015). Copyright 2015, with permission from Elsevier.

Knowledge and ultimately control of the chemistry and structure of cementitious waste forms is important
for the efficient processing and long-term performance for disposal of low-activity wastes. A thorough
understanding of the mechanisms that bind the radionuclides in the waste form matrix and the
mechanisms that impact the evolution of the waste form properties as a function of time and changing
conditions in the disposal environment is essential. In particular, understanding of the chemical and
structural mechanisms controlling transport through these multiphase, porous materials with features
ranging from the nano- to micrometer scale is required. In addition to improving waste form processing
and performance, this insight could expand the utility of these low-cost waste forms to work with wastes
that contain higher levels of radioactivity.

Beyond these conventional wastes forms, a new generation of materials could be designed to enhance
waste form performance. For example, secondary structures with materials property enhancements have
been developed via colloidal synthesis to control particle size and composition at the nanoscale (Lu and
Yin 2012). Such materials-by-design approaches could be exploited to develop advanced waste forms
with tailored loading and durability properties. Further, these tailored waste forms could be applied to
radionuclides that are not effectively managed by current bulk waste processing. Examples include "'I,
135Cs, and *Tc, which are volatile during processing and ineffectively incorporated into glass waste
forms.

Understanding Materials Degradation in Highly Complex Environments

Knowing how materials perform when exposed to harsh environments—environments that push the
material away from equilibrium—is a Grand Challenge of the materials science community (BESAC
2007, 2015). In particular, the radiation damage that accompanies nuclear materials leads to defects that
diffuse and agglomerate, causing macroscopic changes in the properties of the material. Thus, events that
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occur on the picosecond timescale and atomic length scale result in changes on the macroscale that can
take years or decades to manifest. An important example of this is the embrittlement of reactor pressure
vessels that occurs because of nanoscopic clustering of alloying elements (Pareige et al. 1997).

In materials of interest to EM, a further complication is the concurrent chemical evolution of the material.
As radioactive species decay, their chemical identities change, and radiation-induced damage can also
occur in crystalline materials (see sidebar). Thus, in many contexts it is important to understand not only
how the damage processes alter the microstructure of the material, but also how the concurrent changes in
chemistry couple with those defect fluxes to possibly alter the phase structure of the material.

TANK AND INFRASTRUCTURE STRUCTURAL INTEGRITY

A Cold War legacy nuclear materials management challenge is maintaining the structural integrity of
the aging infrastructure for the storage and transfer of high-level waste stored in more than 200 large
underground tanks at various DOE sites.

The tanks are fabricated from welded and stress-relieved steel (see Appendix A). Hot nitrate
solutions are known to attack steel, resulting in pit and crack formation. This attack can be inhibited
by nitrite and hydroxide ions; thus, this corrosion process is currently controlled by adding inhibitors
when needed. However, steel tanks have failed over the years and even recently, resulting in leaks
into the environment or the annular space of double-shelled tanks.

A fundamental understanding of the mechanisms of corrosion and development of new approaches
to inhibit corrosion in tank environments is crucial for continued safe operation of the tanks, as well
as for other materials used in waste processing and long-term waste disposal.

Understanding these effects requires an integrated experimental and theoretical approach, which is now
becoming possible with advanced computational and characterization tools. While insight into these
problems has been obtained, particularly how radiation induces redistribution of chemical species in
complex alloys—radiation-induced segregation (Murty and Charit 2008)—coupling this structural
information with evolving chemistry has received little attention. Importantly, while one might be able to
achieve a steady-state microstructure if the chemistry is constant; once it begins to evolve with time, a
true steady state cannot be reached as the equilibrium of the system is evolving with time (see sidebar).
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RADIATION EFFECTS ARE COUPLED WITH CHEMISTRY

During neutron irradiation of uranium, fission transmutes the uranium atoms into other atoms of
other elements and their isotopes, the yields of which depend in part on neutron energy and neutron
capture cross sections. The isotopes of '*’Cs and *°Sr are produced in large quantities and make up
the majority of the radionuclide inventory that requires disposal as high-level radioactive waste. Both
isotopes are beta decay processes with half-lives of approximately 30 years; '*’Cs decays to isotopes
of barium while *°Sr decays to isotopes of yttrium. The physical damage mechanisms from beta
decay may be minor, as direct interaction with lattice by the associated beta particles is very weak;
however, low-energy electrons and electronic excitations can occur that dramatically alter the
chemical behavior of the material. While these physical damage processes are occurring, thereby
altering the defect structure of the material, the chemistry is also evolving, but little is known about
how the physical and chemical changes couple together. In addition, the rate at which these changes
occur are controlled by the half-life of the isotopes; predicting this behavior over many radioactive
half-lives (perhaps hundreds of years) is very challenging. Radiation effects are not unique to the
wastes, as they also occur in nuclear fuel and structural components of a reactor during irradiation
and transmutation. In these cases, however, there is significantly more physical damage as a
consequence of ballistic events from bombardment of neutrons, alpha particles, and other swift
heavy ions.

Corrosion is another means through which waste forms and waste containment materials degrade (see
sidebar). The environments of radioactive wastes are far more complex and reactive than those found in
more typical materials applications. In fact, exposure to high concentrations of highly reactive anions (for
example, nitrate, nitrite, carbonate, and phosphate), high radiation fluxes and temperatures, mixed phases,
and often dynamic or flowing solutions make understanding these corrosive degradation processes
especially challenging. For example, radiolytic contributions to processes involving absorption, solvation,
complexation, exchange, electron transfer, and hydrolysis and their impact on corrosion remain mostly
unstudied. A further complication in waste processing is flow-accelerated corrosion, which results from
flowing particulate-laden fluids across surfaces with protective films, leading to corrosion.

Metals in fuel-cladding materials, waste tanks, fuel casks, special nuclear material storage containers, and
process vessels are all subject to corrosion that could lead to failure. Understanding the highly coupled or
synergistic effects responsible for corrosive degradation in metallic systems is needed to design a new
generation of materials for these applications. In the case of the carbon-steel, high-level waste tanks
currently used, empirical relationships have provided the bases to control the tank chemistry to minimize
corrosion. However, the effects of all physical and chemical processes occurring in the tanks that
contribute to corrosion processes are simply not known. This will require a detailed understanding of
processes that occur at the interface of the metal with the tank waste, process solutions, and even
groundwater. Elucidation of interfacial chemical and physical processes occurring in these boundary
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regions would lead to development of new classes of materials that could withstand the highly demanding
environments of radioactive waste solutions. These new materials could also find uses in energy
applications where service in extreme environments is required.

CORROSION: DEGRADATION OF MATERIALS IN EXTREME ENVIRONMENTS

In general, corrosion is a primary basis of materials degradation, causing trillions of dollars of
damage annually worldwide. Corrosion may be defined simply as the environmental degradation of
materials. This degradation occurs by chemical means whereas purely mechanical degradation is not
part of corrosion. Most people think of corrosion as being metallic degradation, such as rusting steel.
However, other materials corrode through environmental degradation, including glasses, ceramics,
and polymers. Metallic corrosion can take many forms that look different; uniform corrosion, pitting,
crevice corrosion, and environmental cracking. However, the same electrochemical principles
underlie all of them. Metal atoms increase oxidation state and release electrons, which are consumed
by a reduction reaction, such as the reduction of oxygen or water. The rate of oxidation, or corrosion,
is dependent on both the environmental conditions and details of the metal surface. Oxide glasses
and ceramics are much more thermodynamically stable than metals and are generally more corrosion
resistant. However, they will corrode in sufficiently aggressive environments. This attack is usually
not electrochemical in nature.

Different forms of steel corrosion after testing in a tank waste simulant (left to right): environmental
cracking, pitting corrosion, and liquid-air interface corrosion (Brossia et al. 2007a and 2007b). Left:
Image courtesy of DOE; right: image courtesy of DOE Office of River Protection.

Glass waste forms are thought to degrade by a series of processes, including

e Hydration of the three-dimensional network of interconnected structural blocks, leading to dissolution
at the surface of the glass

e Transport of species to and from the reacting glass surface
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¢ Jon exchange within the solid glass

e Precipitation of alteration products that change the system chemistry (Vienna et al. 2013).

The rates of these processes are strongly influenced and coupled through the surface structure and
solution chemistry, which are in turn influenced by the reacting glass and by reaction with the near-field
materials and precipitation of alteration products (Figure 4). Based on initial models and the evaluation of
natural analogs, waste glasses have lifetimes greater than a million years. However, the study of glass
corrosion in prototypic conditions is extremely challenging because reaction rates are on the order of

107 g/m*/day. New experimental and computational techniques are needed to provide detailed
information on the mechanisms responsible for glass corrosion over long timescales.
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Figure 4. Schematic diagram of glass dissolution mechanisms (ion exchange and matrix dissolution) in
aqueous solution, coupled with both hydrated amorphous surface layer formation and
crystallization/precipitation from solution. Image courtesy of Carol M. Jantzen (Jantzen et al.
2010).

Cementitious materials used for low-level storage also degrade and affect the transport of highly mobile
radionuclides (tritium, residual cesium, strontium, and long-lived isotopes such as technetium, neptunium,
iodine, and *C). Thus, it would be especially valuable to understand and control the various degradation
processes to expand the utility of this low-cost waste disposition form. These cementitious materials are
difficult to study, however, because they are porous and have multiple phases. As a result, the
mechanisms of radionuclide binding in cement are not well understood at present, nor are the chemical
and physical mechanisms responsible for transport through these multiphase materials. Further, the
reactivity of specific species, such as selective redox-sensitive species including technetium(IV, VII), in
these porous materials remains elusive.

Predicting contaminant release from disposal systems using glass or cementitious waste forms is
inherently difficult because of the heterogeneous nature—multicomponent, multiphase, nonequilibrium—
of the system. Furthermore, short-term test data (months to years) may not fully capture all of the long-
term processes that can impact estimates of waste form performance over geologic timescales spanning
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10,000 years or more. Therefore, to obtain a thorough understanding of radionuclide release and transport
in heterogeneous systems over large timescales and relate observed experimental phenomenon to actual
long-term performance, new high-performance computational methodologies are needed. Such
information is critical for obtaining a license to place solid radioactive waste in a subsurface disposal
facility. This is because the long-term performance of these materials, specifically the release rate of
radionuclides into the environment and the associated corrosion or weathering rates of the solid waste
form, must be understood to fully assess the impacts of the disposal facility on public health and
environmental resources. Thus, a sound scientific basis for determining the long-term release rates of
radionuclides from radioactive waste forms must be developed if the performance assessment is to be
accepted by regulatory agencies and the public. Another critical need is new analytical techniques that can
operate in harsh environments of extreme radiation. In particular, a new generation of sensors is needed to
monitor materials in situ to increase the safety and security of stored wastes.

Conclusions

New materials are critically needed for the long-term, safe, and reliable immobilization of radioactive and
hazardous waste constituents currently being stored at EM sites. The vast varieties of waste inventory
preclude a one-size-fits-all approach for waste stabilization. Therefore, several waste form matrices are
required to provide predictable immobilization over many hundreds and even thousands of years. The
complexity of the waste form chemistries present extreme scientific challenges in obtaining a
fundamental understanding of the myriad processes that can cause deterioration and failure of storage
materials. Understanding the inextricably linked chemical and physical processes that occur in the
materials across different timescales will require new approaches using high-performance computing to
assimilate results from short-term measurements (femtoseconds to many hours) and project the results to
hundreds and thousands of years.
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PANEL 3: CONTAMINANT FATE AND TRANSPORT IN

GEOLOGICAL ENVIRONMENTS

Abstract

Legacy contamination in the environment threatens the
areas surrounding EM waste sites; this contamination
includes soils, vadose zone, groundwater, and hyporheic
and riverine subsystems. Understanding and predicting
contaminant behavior in these subsurface systems are
required for developing efficient and cost-effective
remediation. Currently, these subsystems are poorly
understood because of their heterogeneity and
inaccessibility. New approaches are critically needed to
characterize and monitor the components of these
systems, which include interfaces of fluids and solids;
numerous inorganic, organic, and mineralogical species;
and communities of microorganisms. These various
components contribute to astonishingly complex systems
that must be understood to predict their behavior over
broad spatial and temporal scales. Armed with a stronger
scientific basis, revolutionary approaches for
environmental remediation could be devised, including
controlling the transport and transformation of species via
biogeochemical processes to enhance cleanup processes.

Introduction

The Earth’s subsurface serves as a reservoir for much of
its fresh water as well as a majority of contaminants from
EM legacy nuclear waste sites. As described in Appendix
A, DOE manages one of the largest groundwater and soil
remediation efforts in the world. The inventory at the sites
includes 6.5 trillion liters of contaminated groundwater,
an amount equal to about four times the daily US water
consumption, and 40 million cubic meters of soil and
debris contaminated with radionuclides, metals, and
organic chemicals. Remediation of legacy waste sites
requires a predictive understanding of subsurface
processes and properties that influence the fate and
transport of these contaminants as well as a scientific
underpinning to guide the development of next-generation
remediation approaches that will be both effective and
sustainable over decadal-to-century timeframes.

Developing a predictive understanding of subsurface flow
and transport is hindered by the multiscale complexity of
the subsurface (Figure 5)—a dynamic system that
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Figure 5. Contaminant fate and transport in
geological environments is governed by
coupled hydrological, physical, geochemical,
and microbiological properties and processes
that occur over a wide range of spatial and
temporal scales. Image courtesy of Susan
Hubbard (Hubbard and Linde 2011), Lawrence
Berkeley National Laboratory. Copyright 2011,
Elsevier Ltd. All rights reserved.
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includes heterogeneities at all scales. The far-from-equilibrium, non-ideal subsurface environment, which
encompasses the vadose and saturated zones, is actively linked to surface waters, the soil-plant system,
and the atmosphere. The subsurface mineral matrix and associated pore fluid is populated by diverse
suites of microorganisms and metazoans that mediate biogeochemical cycles of both nutrient and
contaminant elements. Mineral, water-dissolved, and biologic constituents interact within the structured
geological subsurface in complex ways—over length scales of microns to kilometers and timescales
ranging from picoseconds to millennia and longer.

Over the last several years, DOE Office of Science workshops have identified fundamental gaps that limit
predictive understanding of subsurface flow and transport. Understanding the fundamental coupling of
hydrological, geochemical, and biological processes and its control on how the larger system functions
has been identified as a Grand Challenge for subsurface flow and transport (BERAC 2010; BESAC 2015;
DOE 2010). Examples of select fundamental research needs include quantifying dynamics of interfaces
and molecular and nanoscale controls on macroscopic physical, geochemical, and biological processes
(BESAC 2007, 2015). Fundamental advances are needed to understand rate-controlled reactions in
perturbed environments and enable simulation of coupled processes and scale transitions occurring in
hierarchical geological systems—from native scales where processes occur to watershed or larger scales
where systems are managed, and as systems are perturbed through natural and anthropogenic events.
Approaches are needed to enable real-time monitoring of these perturbations, at spatial scales relevant to
the individual process as well as the contaminated system response.

Fundamental Challenges and Research Opportunities

Several fundamental basic science challenges exist that, if met, have the potential to lead to
transformative approaches to quantify, predict, and control the fate and transport of environmentally
hazardous contaminants in the subsurface. These science challenges are encompassed by the following
five key areas:

e Radionuclide speciation and transformations
e Transient perturbations

e [ow-permeability domains

Four-dimensional sensing of the subsurface

Predicting properties of multiscale systems.

Speciation and Biogeochemical Transformations of Radionuclides in the
Environment

Because of its ubiquity, mobility, and strong solvation properties, liquid water profoundly affects
subsurface contaminants, redistributing it into plumes, surface waters, and difficult-to-remediate low-
permeability sediments (for example, soil saprolite). Inorganic and organic solids act in concert with
water by supplying and retaining contaminants, often for decades or hundreds of years. Microbes and
reactive solutes such as oxygen, nitrate, and organic compounds further modify the contaminant chemical
state. Thus, water-solute-microbe-solid interactions control the transport of contaminants in subsurface
geologic environments. Conceptualizing and quantifying reaction networks in these multicomponent,
multiphase systems (that is, solutes, colloids, particles, and mineral surfaces) are exceptionally
challenging activities given that subsurface environments can exhibit extraordinary ranges in chemical
gradients of salt loading, pH, and oxidation state. Temperature and pressure can also exhibit lateral and
vertical variability. It is not uncommon to observe extraordinary complexity in solid phase composition
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and structure. Meeting these challenges is essential to providing the fundamental scientific basis that
supports quantitative modeling, risk assessment, and compliance strategies. The speciation and reactivity
of radionuclides and heavy metals in heterogeneous subsurface environments in extreme near-field and
dilute far-field settings are complex and currently insufficiently understood. Risk-driving radionuclides or
legacy contaminants (for example, uranium, plutonium, technetium, cesium, strontium, iodine, and
nonradionuclides such as chromium, mercury, arsenic, and selenium) exhibit poorly understood chemical
and physical forms in biogeochemical environments that evolve over time and space, limiting
predictability of their fate and transport.

A rigorous structural, kinetic, and thermodynamic description of the complex chemical pathways
connecting molecular-level reactions and macroscopic-scale transport is a fundamental scientific
challenge (see sidebar). Recent advances have been made in analytical probes for characterizing aqueous
species, volatiles, and complex solids from the nanometer-to-centimeter size range. Coupled with
advances in the theory available to calculate the properties of complex mixtures and in the performance of
computational platforms available for simulation, scientists have never-before-available tools to
fundamentally understand complex Earth materials at an unprecedented level of atomic specificity. One
critical research need is to determine the valence, bonding, physical structure, and phase composition and
structure of risk-driving radionuclides in complex biogeochemical environments in the form of aqueous
solutes, clusters, nanoparticles, sorbates, and incorporated ions in inorganic, organic, and biological
materials.

A second important research need is to understand how speciation and conditions that are extreme in their
compositional and temporal variability affect reactivity, kinetics of nucleation, redox transformations, and
mobility of risk-driving radionuclides. Determination of how metastable species and solids evolve over a
range of time and length scales is another significant challenge, because these species can be very long-
lived and control their local environments while being thermodynamically unstable.

Research on speciation and biogeochemical transformations of risk-driving radionuclides in the
environment will lead to novel, broadly relevant impacts, starting with a quantitative description of
inorganic and metallo-organic coordination chemistry of f~elements (uranium, plutonium) and weakly
solvated ions such as cesium, pertechnetate, selenite, and iodine. New understanding of the effects of high
ionic strength and radiation on risk-driving radionuclide forms, stability, reactivity, and mobility will lead
to a more quantitative description of the behavior of contaminants in ever-changing natural environments.
Fundamental discoveries in this area will also lead to a chemically and physically informed rational
design of risk-driving radionuclide remediation and geologic disposal strategies. This insight will lead to
improved confidence in understanding natural attenuation processes and the effects of perturbations as
well as development of validated computational models that will support improved decision making.
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LARGE- AND MICROSCALE INTERACTIONS AND URANIUM’S PERSISTENCE

At DOE’s Rifle field site in Colorado, the Colorado River discharge (blue) corresponds with
groundwater elevation (red) and groundwater uranium concentrations (green). Increased discharge
accompanying late spring snowmelt induces a synchronous rise in groundwater elevations across the
Rifle floodplain, which enables oxidation and leaching of uranium-contaminated materials left in
place following reclamation activities at the site. This annual coupling sustains uranium delivery to
the Rifle aquifer and ensures plume persistence so long as discharge-induced increases in
groundwater are sufficient to enable leaching of residual contaminant inventories in the shallow
subsurface (Williams et al. 2015).
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Consequences of Transient Perturbations on System Behavior

The capacity to effectively manage remediation activities depends on harnessing multiple physical,
geochemical, and biological data into a site-predictive framework; however, the current understanding of
subsurface processes often fails to account for how natural or anthropogenic perturbations at local,
regional, and global scales will impact the subsurface biogeochemical landscape. This knowledge gap is
made even more vital today given that land-use and climate-induced perturbations are already impacting
the fate and transport of contaminants in the subsurface.

Transient perturbations can result in elevated biogeochemical activity that is potentially important for
contaminant fate and transport. Examples include pulses of increased uranium leaching from near-river
sediments during increased river stage (see sidebar). These perturbations can result from natural and
anthropogenic events (for example, hurricanes, landslides, fires, and contaminant release) or transient
conditions resulting from short-term changes in hydrologic or chemical fluxes and gradients. These
perturbations may locally stimulate biogeochemical activity where hydrological flow paths intersect or
encounter a substrate containing complementary reactants. These perturbations can potentially lead to
beneficial uses such as remediation. For example, episodic dissolved organic carbon input from near-
stream soils, which occurs during snowmelt, activates plant and microbial activity, leading to enhanced
nitrogen cycling (Pickett and White 1985).

Transient perturbations that occur over short time periods, but result in disproportionately high reaction
rates relative to longer intervening time periods, represent an important knowledge gap. Isolated periods
of enhanced biogeochemical cycling, termed hot moments, may occur at any spatial (molecular to global)
or temporal (millisecond to eon) scale. Although recent research at DOE sites (such as Rifle in Colorado
and the Hanford Site in Washington State) has documented how short-term flow path reversals and
pressure waves affect plume behavior (Zachara et al. 2013), substantial gaps in understanding these
events on spatial scales ranging from square centimeters to square kilometers and on temporal scales
ranging from minutes to centuries remain. The need is for information on

¢ Quantification of the nature, occurrence, and rate of natural hot moments on nutrient and contaminant
biogeochemical cycles at different scales

o Prediction of spatial and temporal distribution of hot moments based on underlying hydrologic,
geomorphic, microbial, or edaphic patterns

e Development of a new class of remediation approaches based on the combination of natural processes
that create hot moments.

There is an important need to understand the relationship of response time to the nature and
characteristics of the perturbation event for systems coupled with both abiotic and biotic processes.
Integrated field and laboratory investigations, tightly coupled to models, are needed to identify and
quantify the underlying mechanisms that produce hot moments of enhanced biogeochemical cycling and
control their longevity.
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HANFORD SITE WASTE STORAGE, THE VADOSE ZONE, RIVER STAGES

Waste leaks or spills (a) create complex three-
dimensional plumes (b), such as the one
shown beneath Tank 241-BX-102, where
300,000 liters of waste containing 7 to 8 tons
of uranium spilled due to an overfilling
incident (Maher et al. 2013), possibly related
to a plugged overflow line, in February 1951
(Field et al. 2011). The uranium from the
waste reacted in the subsurface beneath the
tank and formed solid phase precipitates,
predominantly sodium boltwoodite (c,d),
which became lodged in subsurface
microfractures (McKinley et al. 2006). The
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uranyl complexes are weakly absorbed to the -

&

surface, as shown by the X-ray absorption
fine structure spectra (Catalano et al. 2004),
and these complexes are responsible for the
longer lasting uranium plume (Maher et al.
2013).

Reprinted with permission from (Maher et al.
2013). Copyright 2013, American Chemical
Society. Figure D reprinted with permission
from Catalano et al. (2004). Copyright 2004,
American Chemical Society.

Developing a predictive understanding of how transient perturbations influence subsurface flow and
transport across multiple spatial and temporal scales will lead to significant benefits; developing
knowledge and models will drive improvements in existing remediation approaches. Entirely new
strategies that exploit hot-moment activity to assist in remediation may be developed. Moreover,
predictive understanding of emergent processes impacted by transient events will have scientific impacts
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beyond remediation activities. Examples include predicting the impacts of hydraulic fracturing on deep
subsurface biogeochemical cycling for increased energy recovery and understanding of how weather and
climate influence subsurface microbiological activity. New scientific insights on surface water
eutrophication, toxic algal blooms, hypoxia, heavy metal transport, soil quality, and greenhouse gas fluxes
to the atmosphere will result. Given that microbial genomics tools can now inform the variation in
metabolic potential and in-gene expression in response to perturbations, better prediction of microbial
forcings and responses can have ramifications for managing engineered restoration systems, and even
human bodies, leading to novel microbial therapeutics and diagnostics. The future ability to predict when
and where high process rates will occur or possible responses to these perturbations in a landscape will
ensure the effective management of soil, water, air, and human health resources.

Low-Permeability Domains in Subsurface Materials

The subsurface fate and transport of contaminants is strongly influenced by the presence of low-
permeability domains, where diffusive transport dominates over advective transport. These domains may
exist within (1) deposits of coarse-textured sands and gravels in the form of fine-grained stringers or
lenses of silt- or clay-sized materials or (2) rock fragments and/or soil aggregates as internal
interconnected pore or fracture space with complex topology. Low- permeability domains are key
subsurface heterogeneities that can dominate the reactive surface area of a given geologic formation and
create zones of multiple porosity with different transport, chemical, and microbiologic properties. These
low-permeability domains can strongly influence long-term system behavior. Developing new insights
and rigorous computational models that bridge the gap between diffusion-dominated interfacial processes
and the hydrodynamic flow regime is a scientific grand challenge that will benefit complex site
remediation as well as geothermal and oil/gas resources, heterogeneous catalysis, chemical processing,
and materials synthesis.

Low-permeability domains function as diffusion-limited sinks for oxygen and other terminal electron
acceptors through microbial respiration that occurs within them. Contaminants that diffuse from the
advection domain react with microorganisms and high-surface-area mineral material that are concentrated
within these zones to alter speciation and mobility. Reacted solutes may be released back to groundwater
when conditions change, allowing the low-permeability domain to function as a persistent contaminant
source long after primary advective domains have been cleansed by transport or remediation. Source-sink
behavior creates chemical gradients at the interfaces of low-permeability domains with primary advective
flow paths that may change in complex ways with plume passage and/or remediation. Fundamental
challenges exist in determining low-permeability domain volumes and their in situ transport and reaction
properties in heterogeneous subsurface materials. In addition, challenges exist in developing robust
reactive transport models that properly account for the coupling, mass transfers, and developed gradients
between advection- and diffusion-dominated domains that define overall system response.

Low-permeability domains exist in virtually all subsurface systems over the scale range of millimeters to
many tens of meters and more. While their behaviors are primarily controlled by the coupling of small-
scale chemical and microbiologic processes with diffusive transport, their effects can be manifest over a
large range of spatial scales. Their occurrence in hard-to-access subsurface environments has made their
study historically challenging, but improvements in instrumentation and measurement modalities at
different scales are now making them accessible to research. New opportunities exist that could
significantly improve fundamental investigations such as mechanistic, laboratory-based reactive transport
studies in model systems or with excised sediments containing hierarchical pore structures at the meter
scale and below. Field-based evaluations of low-permeability domains and their impacts within pristine
and contaminated subsurface water systems under dynamic hydrologic conditions could also improve
these investigations. Advances in specific approaches for chemical speciation enabled by the array of
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resources at DOE user facilities allow previously unattainable characterization of reaction locations and
networks mediated by microorganisms and/or chemical conditions that are different from the bulk fluid.
New neutron, electron, and X-ray scattering, microscopy, and tomography techniques now allow
multiscale characterization of interconnected pore spaces and pore network topology of intact subsurface
materials. This information is critically needed to accurately calculate residence times and transport
pathways controlling biogeochemical transformations and contaminant sequestration within low-
permeability domains. Recently developed four-dimension geophysical methods may allow imaging of in
situ biogeochemical processes within and surrounding reactive low-permeability domains in the field
(Hubbard et al. 2008; Wainwright et al. 2014 and 2015). However, high-performance, scale-aware
computing hardware and software must be adapted to support the interpretation of these measurements
within stochastic frameworks and their assimilation into multiscale models to identify low-permeability
domain locations, volumes, transport properties, and contributions to system behavior.

These new capabilities will contribute to understanding and predicting transport and biogeochemical
processes in heterogeneous, multiporosity subsurface systems that are common to complex remediation
sites. Fundamental insights on the subsurface microbiology and geochemistry of pore networks of
different size, continuity, and mineral makeups has the potential to identify unique reactive environments
influencing contaminant behavior. Process-based knowledge will enable predictions of residence and
reaction timescales in low-permeability domains and gradients that form at their interfaces to influence
macropore solution compositions. Improved reactive transport models will couple biogeochemical and
transport processes occurring in advection- and diffusion-dominated domains. Coupling the processes
will allow scientists to better describe the relationships of subsurface geologic structures and low-
permeability domains to nonequilibrium transport behavior at the system scale. The benefits to complex
remediation projects could be substantial. The resulting multiscale understanding and models of low-
permeability domains would provide enhanced capabilities to model the emergent behaviors of
groundwater plumes, while a robust understanding of low-permeability domains as long-term sources
would provide insights necessary to develop effective remedial methods for persistent contaminants and
plumes.

4D Sensing of Reactive Transport

Developing a predictive understanding of flow and transport is hindered by the hidden nature of the
subsurface. Subsurface remediation would benefit from characterizing a wide range of hydrological,
geochemical, and microbiological properties and their couplings that occur within a heterogeneous
framework (Figure 5). The characterization work is hampered because subsurface sampling
conventionally relies on borehole-based measurements and sampling. Breakthroughs are needed in
realizing in situ characterization of reactive transport properties and processes in four dimensions (three
spatial dimensions as well as time), across broad spatial and temporal domains—the mineral (atomic) to
the plume (miles) scales that will allow predictions to be made over timescales from fractions of a second
to years.

The trend of ubiquitous sensing of the environment, evidenced by recent developments in environmental
geophysical techniques (Binley et al. 2015; Hubbard and Linde 2011), fiber-optic technologies, and
unmanned aerial vehicles offers great promise for vastly improved characterization of contaminated sites.
Further development of these and completely new sensing approaches that can remotely and
autonomously sense subsurface hydrological, geochemical, and biological properties are needed,
including approaches that provide useful but indirect information or that respond to an induced
perturbation. Examples include development of approaches for quantifying interfacial biogeochemical
transformations from the pore to plume scale (Revil et al. 2012; Williams et al. 2005) and development of
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proteome microdevices that could be inserted in the subsurface to quantify and transmit information on
enzyme activity associated with critical biogeochemical transformations.

Extracting information from proxy measurements and integration with direct measurements and models
offers promise of transitioning beyond the characterization of parts of a contaminated system to a
seamless monitoring of integrated and multiscale system behavior. A significant and overarching
challenge is to develop new computationally based approaches to co-acquire and couple multimodal
(multitype, multiscale) streaming data sets into reactive transport models. Such a capability would
revolutionize the understanding of subsurface system behavior over wide space and timescales. Joint or
coupled models that consider geophysical, hydrological, and geochemical phenomena and data sets have
been developed and used to understand flow and transport at DOE sites (Kowalsky et al. 2005 and 2011).
However, these approaches need to be significantly extended to explore how hot spots and hot moments
contribute to integrated system hydro-biogeochemical system behavior. To meet this challenge,
petrophysical relationships that link sensed observables with target properties and/or processes across
scales must be developed. For example, induced polarization results from the dynamics of the electrical
double layer formed at the interface between aqueous solutions and mineral surfaces whose charge is
related to the pH and chemical composition of the solution. Thus, if properly calibrated against synthetic
and real geomaterial properties, induced polarization signals could be adapted to estimate geochemical
properties from nanometer to plume scale. Relationships that incorporate multiple types of sensed
observables must also be developed, including relationships obtained from direct and remote or indirect
approaches. The following sidebar illustrates the use of surface seismic and borehole approaches to
estimate the spatial distribution of reactive facies, including associated geological, hydrological, and
mineralogical estimates. In addition to mechanistic, coupled modeling approaches, research into data-
driven approaches is needed to take advantage of multimodel, time-lapse data sets in complex systems,
particularly where mechanistic linkages between observables are limited. An example of this type of
approach is shown in the following sidebar, which illustrates the use of time-lapse, spectral-induced
polarization data to estimate iron(Il) oxide concentration evolution following biostimulation of the
uranium-contaminated subsurface at the Rifle site in Colorado (Chen et al. 2012).

The scientific impact realized by developing four-dimensional reactive sensing approaches will transform
the ability to understand and ultimately predict the myriad processes that occur in the subsurface across
broad temporal and spatial scales. Seamless integration of different data types, including laboratory- and
field-based direct and indirect measurements, offers the potential for greatly enhanced understanding of
heterogeneity and controls on chemical transformations that influence functioning of complex systems:
from contaminated environments to subsurface energy reservoirs, ecosystems, human systems, and space
exploration. The fundamental understanding of geophysical and microbiological signatures gained
through this research, as well as the rapid identification of small-scale controls that drive larger system
behavior (and vice-versa), will be broadly relevant. The benefits to environmental management are
expected to be significant, leading to an improved ability to predict contaminant fate and transport and
optimized remediation and long-term monitoring strategies for subsurface contamination as well as
engineered disposal facilities.
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GEOPHYSICAL APPROACHES FOR CHARACTERIZING CONTROLS ON URANIUM
PLUME MOBILITY AND FOR MONITORING REMEDIATION

Reactive facies represent a package of sediments

having a unique distribution of physico-chemical

properties relative to surrounding regions that 2 g T aray
influence plume mobility (Sassen et al. 2012). At B : i R

the uranium-contaminated Savannah River Site : | 1__?"- IR W

F-Area, seismic and wellbore data were used to
estimate the spatial distribution of reactive facies
along a uranium plume centerline (Figure A)
(Wainwright et al. 2014). Use of reactive facies
to parameterize reactive transport models at the
F-Area demonstrates the improved prediction of
decadal-scale uranium plume migration
compared to use of only physical or geochemical Image courtesy of Susan Hubbard Lawrence Berkeley
properties to constrain the model (Figure B) (Bea National Laboratory (Wainwright et al. 2014)
et al. 2013). Use of time-lapse spectral-induced
polarization to monitor microbially induced
subsurface transformations leading to iron(II)
production was also tested in conjunction with a
bioremediation treatment at the uranium-
contaminated Rifle, Colorado, floodplain site
(Chen et al. 2012). The geophysical monitoring
significantly improved understanding of the
evolution of bioremediation-induced
groundwater chemistry relative to what could be
inferred based on wellbore data alone (Figure C).

ngrenalized U(VI) mass |-

Reprinted by permission from
John Wiley and Sons: Wiley Online Library,
Haruko Wainwright, et al., Copyright 2014
X X . . . Wallbare Data Geophysical
(a) Geophysically obtained estimates of reactive facies along a D 14 Eptirma b
300 m uranium plume centerline, illustrating within facies
variability of sediment texture, hydraulic conductivity, and
sediment geochemistry that influences sorption; (b) simulated
mass of same uranium plume past a downgradient control
plane, performed using model parameterizations that included
reactive facies physico-chemical estimates, chemical
heterogeneity only, and physical heterogeneity only;
(c) comparison of subsurface system response to uranium
bioremediation at the Rifle, Colorado, site using interpolated
wellbore information (left) and time-lapse geophysical data
(right). Figures show the concentration of iron(II), which is
indicative of the redox status altered by the remediation
approach. Image courtesy of Susan Hubbard, Lawrence
Berkeley National Laboratory (Chen et al. 2013)

36 Basic Research Needs for Environmental Management



PANEL 3: CONTAMINANT FATE AND TRANSPORT IN GEOLOGICAL ENVIRONMENTS

Predicting Emergent Behavior of Multiscale Systems

The complexity of the subsurface, as shown in Figure 5, absolutely necessitates the use of models to
incorporate understanding of multiscale properties, processes, and their interactions for prediction of
contaminant fate and transport, and optimized design of remediation strategies. Computational advances
are needed to accurately simulate bidirectional coupling between processes across highly disparate spatial
and temporal scales. With impending exascale computing capabilities and an advancing deluge of
observational data (ranging in scales from atoms to the globe and based on measurements ranging from
laboratories to satellites), a significant opportunity now exists to develop advanced multiscale modeling
and data interpretation and assimilation capabilities, leading to vastly improved subsurface fate and
transport predictions.

Characteristics of current subsurface fate and transport prediction capabilities underscore the need for
new computational advances. Currently, fundamental (first principles) models cannot directly inform
application-scale models, which tend to be highly parameterized and empirical in nature. Single-scale
process models are well developed across a range of scales; direct connections among models at diverse
scales are currently limited by computational demands. Diverse data sets are now becoming available, but
few capabilities exist to rapidly assimilate heterogeneous information into models for improved real-time
predictions. Due to structural and parameter uncertainties, models can currently not be used to decipher
how (and under what conditions) coupled microscale processes are manifested in system-scale behavior.

The development of scale-aware computational methods for adaptive, bidirectional coupling across
molecular-, pore-, continuum-, and plume-scale models are needed. Across these scales, capabilities to
probe and simulate molecular- through pore-scale processes, and their emergent impacts on field-relevant
contaminant fate and transport, are particularly needed. The need for advanced, scale-aware, data-driven
discovery methodologies, paired with model development, exists for subsurface data sets.

The scientific impact expected from new computational advances is expected to be significant and broad
(DOE 2014). Development of novel, data-driven discovery methods for subsurface data sets and the
integration of multimodel data and model outputs across spatial and temporal scales could lead to rapid
identification of critical indicators of emergent system responses to small-scale impacts of environmental
change. This represents a grand challenge in subsurface science that could have enormous impact. For
example, new modeling methods could be used to identify and ameliorate sources of model error in
subsurface simulations, improving predictive understanding of complex subsurface systems. Developed
capabilities are expected to be useful for water resource work, predictive agriculture, subsurface energy
production, and carbon cycling.

The potential impacts of exascale modeling capabilities are clear. Advanced predictions will lead to vastly
improved site conceptual models that properly represent emergent effects of fundamental microscale
mechanisms. Models that accurately predict flow and transport, now and in the future, are expected to
lead to a new class of contaminant control and attenuation strategies that are sustainable and cost effective
over decade-to-century timeframes. An improved understanding of key controls on flow and transport (at
different locations, scales, and timeframes) can be used to design optimized, long-term monitoring
strategies.

Conclusions

An extremely important and complicated veneer of the planet, the shallow subsurface hosts water
resources, supports agriculture, and plays a critical role in biogeochemical cycling that supports most life
on Earth. Unfortunately, it also holds a significant volume of EM legacy waste, notably including metals
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and radionuclides that do not degrade naturally over time to benign products. Understanding plume
mobility and scientific underpinnings to guide successful remediation over timescales relevant to the EM
mission is hampered by the multiscale complexity of this shallow system.

Several specific research opportunities were identified by the subsurface flow and transport panel, which
complement previously identified Grand Challenges. Given the complexity of the subsurface, the
importance of jointly and iteratively advancing the identified process understanding, observational, and
prediction-based research challenges is emphasized.

Realization of the proposed advances will result in research that could rapidly transform responsible and
sustainable management of contaminated (and other shallow subsurface) systems. In addition, the
proposed advances could transform deeper subsurface environments that support over 80 percent of the
US energy and store geologically sequestered carbon dioxide and nuclear waste.
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ELUCIDATING AND EXPLOITING COMPLEX SPECIATION
AND REACTIVITY FAR FROM EQUILIBRIUM

Abstract

EM’s wastes involve extreme chemical and physical conditions that are far from equilibrium, making
prediction of their behavior as the materials are processed or stored as long-term waste forms nearly
impossible at present. When adequately described, even simple aqueous solutions containing dissolved
species involve significant complexity. In the case of EM tank wastes, the complexity is exacerbated by
high pH and ionic strength, and the presence of high radiation environments or radioactive materials. In
the case of structural materials and materials used in waste forms, the lack of knowledge of the impact
from extreme environments prevents development of new materials with long-term stability and
optimized performance. Accurately representing all aspects of such systems and confidently predicting
their changes in time and space is a monumental task. If effectively elucidated, this task can lead to
identifying unrealized functionality and exploit the chemistries for resiliency in processing streams and
materials behaviors. In this PRD, opportunities to address research challenges in the bulk solution and
materials systems are discussed; in the PRD titled Understanding and Controlling Chemical and Physical
Processes at Interfaces an additional dimension of complexity confronting these systems and interfacial
processes is addressed.

Scientific Challenges

The materials and solutions in the high-level radioactive waste tanks represent extremes in chemical
conditions that are quite far from equilibrium and result in unexpected speciation and reactivity. Factors
that drive these conditions are unique and include high levels of ionizing radiation, concentrated
electrolytes, and extremes in alkalinity. Despite the lack of predictability in the chemistry of these waste
streams, they must be safely processed and stabilized for disposal. The processing is intended to partition
the highly radioactive components from the less radioactive bulk materials, resulting in high- and low-
level radioactive waste forms. Safety requirements coupled with limited confidence in predicting
chemical behavior severely restrict EM’s ability to effectively and efficiently process the tank wastes and
produce acceptable waste forms.

Chemically harsh systems that include a radiation environment embody a complicated, multifaceted grand
challenge for scientific understanding and prediction. The current understanding of the speciation and
reactivity of fission product and actinide elements is based on much simpler systems that are generally at
equilibrium. Consequently, it is not possible to predict oxidation states, chemical forms, or reaction
pathways in these unique systems. For EM tank wastes, the radiation environment has existed for
decades. Long-term radiolysis has caused continuous production of metastable, reactive species that can
drive unexpected chemical transformations and create unanticipated species. When considering materials
used in waste processing and waste forms, the coupled effects of radiation damage in materials along with
poorly understood chemistry are challenges. Developing safe waste processing schemes and effective
waste forms requires mastering and exploiting the chemical behavior of these systems that are far from
equilibrium. In the case of waste processing and waste forms, a greater understanding of the myriad
chemical and physical processes occurring in these solutions and materials is needed to accelerate the
development of new processes and materials required for EM’s mission.
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Understanding Radiolysis and Radiation Effects to Predict Unique Species in
Radioactive Waste Systems

As described in the Waste Stream Characterization, Transformation, and Separations section, radiation
generates transient but highly reactive species, which likely drive other chemical reactions. Examples are
numerous, and one is the generation of peroxides and subsequent complexation by the dioxoactinide
species, which leads to the formation of surprising uranium and plutonium species (see sidebar).

SURPRISING EFFECTS FROM SEEMINGLY TRANSIENT SPECIES

Water radiolysis produces peroxide (0,%), which is typically considered quite reactive and short
lived. In the presence of some dioxoactinide species such as the uranyl cation (UO,*>) however,
peroxide persists when coordinated directly with the metal cation as shown in Figure A and B. In
nature, alpha decay of uranium produces peroxide that can lead to the formation of the mineral
studtite (for example, [(UO,)O02(H20)4]), allowing the peroxide moiety to persist for millions of
years. In highly radioactive waste tanks, the radiation environment continuously generates peroxide.

The coordination of three peroxide species to one uranyl cation yields the structural building block
(Figure B), which can aggregate to form larger structures such as the Ug cage structure (Figure D).
In other cases, two uranyl cations can coordinate via a single peroxide cation, leaving the remaining
uranyl equatorial coordination sites available for complexation with other ligands (Figure C).

Over the past 15 years, many such fullerene-cage architectures based on peroxide coordination of
actinyl species have been identified with varying internal cage sizes. This creates an opportunity to
exploit the internal cage environments to drive reactivity and functionality (Armstrong et al. 2012).

Uranium structures. Image courtesy of Armstrong
et al. (2012).
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Much of our existing knowledge on water radiolysis is derived from systems in which water is the matrix.
However, in the case of high-level radioactive waste streams and similar EM systems, the extremely high
concentration of electrolytes results in water not being a major component of the systems. Consequently,
radiolysis likely creates other, currently unidentified, highly reactive, transient species that drive the
formation of unexpected chemical species.

Ionizing radiation also causes damage in solid materials, whether they are waste forms (for example,
glasses, cements), matrices used for chemical separations, or structural materials such as the alloys used
in tanks and processing equipment. As discussed in the Waste Forms section the interaction of radiation
with solid materials results in the transfer of energy to electrons and atomic nuclei, which in turn produces
both electronic and atomic defects that interact to determine the ultimate evolution and potential
degradation of the material (Weber et al. 2015). Also, the structure and physical properties of the
materials can be significantly altered due to the numerous processes, such as injection of helium and other
decay or fission fragments into the structure, and by the intentional creation of defects via ion
implantation. At the same time, the basic chemistry of the system evolves because of the decay of
radioisotopes from one element to others. In addition to creating defects and changing chemistry, these
same processes are accompanied by global and transient heat generation (Weber 2014). Exacerbating the
problem is the fact that the damage event caused by ionizing radiation occurs very quickly and produces
individual defects that are highly localized, such as atomic collision cascades, electronic excitations, and
thermal spikes on the picosecond timescale and the nanometer length scale. However, the damage and
resulting defects accumulate over time, leading to a coupling and magnification of their impact over much
longer time domains, from years in the case of separations and structural materials to millennia in the case
of waste forms. Such atomic-scale alterations can cause a cascade of events that can ultimately lead to
materials failure.

The chemical and physical complexity of both tank wastes and associated structural materials, as well as
waste forms, represent huge challenges that must be understood before new processes and materials can
be designed. Further, basic thermodynamic, kinetic, and other chemicophysical data that enable prediction
of radionuclide speciation and materials behavior are lacking (see sidebar). As described in this PRD and
in the Transformative Research Capabilities section, opportunities now exist to couple direct observation
of chemical species with advanced molecular-level modeling. The synergy between the experimental
observation and computational approaches can lead to a fundamental understanding of the chemistry and
physics of these systems. This understanding will enable more robust modeling tools and much higher
confidence in predictions involving high-level radioactive waste streams and materials that are needed to
develop vastly improved and reliable processing and long-term storage technologies.
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SOLUTION SPECIATION AND SOLID PHASE NUCLEATION ARE
NOT WELL UNDERSTOOD

Designing processing schemes for radioactive wastes requires understanding and mastering the
multitude of chemical reactions to enable process control, including precipitation of elements when
desired and dissolution of solids when necessary. Past work on actinide complexation by simple
organic ligands provides initial foundation equilibrium conditions that describe the coordination
chemistry of solution species. How these species organize in solution to homogeneously nucleate
into crystalline solid phases is largely unknown.

Oxalate precipitation is often used during the processing of nuclear materials to separate actinide
elements from other fission products. An example of a plutonium oxalate complex is trivalent
plutonium coordinated by three oxalate anions (Figure A). The structure of the plutonium(I1I)
oxalate solid is shown in Figure B, along with the bluish-purple crystalline needles shown in
Figure C.

Europium(1II) is a fission product that is often separated during waste processing, along with other
lanthanide and actinide elements. In addition, it is sometimes used in developmental studies as a
nonradioactive analog for trivalent plutonium. As shown in Figure D-F, its crystalline morphology is
affected by the conditions under which it precipitates. While such phenomena are well recognized, it
is quite difficult to predict a priori, making it challenging to confidently exploit this knowledge to
tune solid-phase morphology during processing. A scientific basis for describing the organization of
species in EM waste streams, leading to homogeneous nucleation and solid-phase growth, will

enable safe next-generation cleanup technologies with improved efficiency and lower costs.

Plutonium oxalate precipitation (top)
and europium(III) precipitation
(bottom). The plutonium oxalate
complex (a) is trivalent plutonium
coordinated by three oxalate anions.
The structure of the plutonium(IIT)
oxalate solid (b) is shown, along with
the bluish-purple crystalline needles
(c). Europium(III) is affected by the

conditions under which it is i ik i ey - ey
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Chemical Reactivity and Reaction Networks for Complex Systems in Radiation
Environments

The environments of waste streams and waste forms relevant to the EM mission are highly complex and
dynamic, and their behavior defies representation by simpler model systems. The complexity of the
wastes, driven by extremes of pH, ionic strength, and especially ionizing radiation, continuously
generates transient species that force unexpected chemical reactions. As a result, chemical and physical
mechanisms that might be understood individually compete with each other, leading to counterintuitive
behavior in the aggregate. For example, the rheology of many of the high-level radioactive waste streams
prevents rapid, homogeneous mixing. Consequently, chemical environments may cycle episodically.
During tank waste processing, chemical compositions of solids that are entrained in the waste streams
may vary significantly, and these solids are not in equilibrium with the solution phase. The radiation field
(which is derived from the radioactivity of the entrained solids) likely varies, and the generation and/or
accumulation of radiation-induced transients and gases can be unpredictable. The rates of these reactions
and their influence on the overall outcome currently cannot be predicted with the level of confidence that
is vital to develop new processing and storage technologies, which are central to the success of EM’s
mission.

Consequently, a huge gap exists in understanding the relative contributions of the multitude of chemical
species and their reaction networks to the evolution of the overall system, whether waste solutions or
materials. Predictions over large temporal and spatial scales cannot be extrapolated from simple
experiments without an adequate mechanistic understanding of the overall system. This knowledge gap
also prevents exploitation of transient species and unexpected reaction mechanisms to enable control of
reactivity and design of resilient materials for applications in radiation environments.

To illustrate the point with an example of solid phase materials behavior, it is not possible to credibly
conduct experiments at elevated temperatures to accelerate defect-healing rates and assume that the same
pathways prevail at ambient conditions where overall rates are too slow to measure. Understanding these
mechanisms requires an intimate coupling of experiment and modeling across many dimensions of
information to fully elucidate how parameters such as temperature, the nature of the irradiation source,
and material structure collectively yield the relevant material evolution as a function of conditions.

In summary, this PRD focuses on elucidating the myriad chemical reactions that occur in the bulk of
complex waste streams and waste forms, which are the species that react at interfaces in the PRD titled
Understanding and Controlling Chemical and Physical Processes at Interfaces. For the non-interfacial,
bulk processes described, research efforts should be focused on

o Understanding complex chemical equilibria to enable prediction and control of speciation
o Understanding and exploiting chemical reactivity in complex systems.

Recent advances in dynamic chemical imaging and computational capabilities (see also the
Transformative Research Capabilities section) hold the potential for examining these complex systems in

real time and under relevant conditions that will provide—for the first time—the insight required to
develop efficient, cost-effective, and safe technologies to handle EM wastes for years to come.

Research Directions

The matrices and materials that make up high-level radioactive wastes are heterogeneous chemical
systems that are quite far from equilibrium. In processing the radioactive wastes to generate waste forms
for disposal, operational control is essential for the safe and cost-effective treatment of the materials.
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Understanding and predicting the chemical form and reactivity of the constituents in the waste streams are
essential for developing processing schemes, and coupling speciation with reactivity in extreme
environments may enable revolutionary new approaches to highly radioactive waste treatment.

Understanding Complex Chemical Equilibria to Enable Prediction and Control of
Speciation

The chemical and physical complexity of systems associated with EM wastes has precluded the level of
knowledge needed to meet EM’s mission. Basic thermodynamic, kinetic, and other chemicophysical data
that enable prediction of radionuclide speciation in these waste streams are lacking. For example, the
recent observation of monovalent technetium species in high-level radioactive waste systems was quite
unexpected. Clearly, the knowledge of speciation and reactivity in systems involving redox equilibria,
concentrated electrolytes, and ionizing radiation is extremely limited or in some cases nonexistent. The
generation of the basic mechanistic foundation to describe redox reactivity in these systems is clearly
needed, and we can build from knowledge derived from other EM problems. For example, significant
effort has been invested to describe actinide speciation in concentrated electrolytes in support of the
disposal of transuranic waste in the Waste Isolation Pilot Plant (Neck et al. 2009). While this past effort
has resulted in thermodynamic data to describe radionuclide speciation in brines, this understanding does
not readily translate into many other EM-relevant systems.

Current state-of-the-art processes for understanding contaminant equilibria in concentrated brines treat
changes in ion pairing and charge shielding empirically, which results in the development of apparent
activity coefficients. Consequently, these activity coefficients are only relevant for the specific system
under which they were developed. Systems such as these radioactive waste streams are much more
complex than salt-based disposal geomedia. While the concentration of electrolytes is quite high in both
systems, the complexity of the electrolyte compositions is far greater in the high-level radioactive waste
streams at EM sites. In addition, the quantity of ionizing radiation in the radioactive waste systems is
many orders of magnitude greater than that in the salt disposal medium. Furthermore, the high-level
radioactive wastes in EM have been exposed to ionizing radiation for many decades, whereas the salt
disposal medium has not yet experienced exposure to significant levels of ionizing radiation.

In typical laboratory-based experiments, radiolysis is known to alter chemical speciation because of the
reactive species it produces in the solvent, which is typically water. In the case of both natural brines and
high-level radioactive wastes, water is actually a minor component and behaves more as a solute than a
solvent. As such, the current knowledge of chemical species resulting from radiolysis in water is not
directly applicable to EM’s high-level radioactive waste systems. Therefore, an important research need is
to define relevant radiolytic reactions occurring in concentrated electrolytes. Although a specific species
might be considered transient, when all of the species in these systems are taken in total, their production
may be continuous over decades, which can drive unexpected reactions. As radiolytic species are
identified, their impact on other processes, such as reduction-oxidation reactions and other complexation
reactions, must be determined.

The ability to advance understanding of complex speciation in the presence of ionizing radiation will
require the close coupling of experimental and theoretical methods, as detailed in the Transformative
Research Capabilities section. The ability to determine bulk, trace, and transient constituents
experimentally in complex solutions in situ and in real time is critical. Spectroscopic tools are needed to
directly determine solution species and how they evolve during radiolysis and also as they relate to events
such as hydrolysis, nucleation, and solid phase growth. Molecular dynamics simulations of ions in water
alongside organic molecules and radiolysis products to create “realistic” solutions will enable a more
detailed understanding of how each constituent impacts the system’s chemistry. Such simulations can also
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be used to evaluate a virial expansion of ion interactions, leading to excess Gibbs energies and activity
coefficients. These theoretical techniques require significant advances in the descriptions of the
underlying physics of intermolecular interactions in complex fields caused by high ionic strength;
advances in these computational tools and exascale computers would enable the full realization of the
predictive capabilities of simulations. These advanced simulations will provide insight into solution
structure at equilibrium, potentially far from equilibrium, and include how the solution structure and
dynamics change during phase transformations.

To make progress in understanding the full range of chemical and physical processes that occur in wastes,
it is critical to understand the linkage between dissolved species and precipitates, and the relevant
equilibria linking these ends of solubility. Although specific research needs for interfacial processes are
addressed in the following PRD, Understanding and Controlling Chemical and Physical Processes at
Interfaces, the gaps in knowledge for interfacial processes are intimately tied to the equilibria and
speciation research needs described in this PRD. The chemical and physical phenomena leading to the
organization of species in solution that result in homogeneous nucleation, and ultimately solid phase
growth, are poorly understood, even in the simplest of systems.

Today, experimental tools exist to enable an understanding of the coordination chemistry of dissolved
species, and advances in microscopy and chemical imaging now allow direct observation of features on
sub-nanometer-sized materials. However, experimental observation of homogeneous nucleation in
solution remains a technical challenge. In this case, most current insights are derived from computational
capabilities. At the same time, recent advances in the spatial resolution of spectroscopic tools, such as
high-resolution ultrasound spectroscopy, neutron scattering, advanced light sources, and spatially
resolved mass spectrometry, show tremendous promise for observing homogeneous nucleation in real
time. As described in the Transformative Research Capabilities section, advances in characterization and
computational tools provide a compelling opportunity to further understand the complexity and
heterogeneity of high-level radioactive waste systems. Such growth in our fundamental knowledge of
chemical equilibria in these complex systems will enable confident speciation predictions. These
advances will also enable manipulating a system’s chemistry to control the speciation, ultimately leading
to improved processes for handling these wastes.

Understanding and Exploiting Chemical Reactivity in Complex Systems

While understanding the relevant chemical equilibria and their thermochemical parameters is important
for predicting and controlling speciation in waste streams and waste forms, defining the mechanisms and
rates of the various pathways is also very important. Chemical transformations can occur across multiple
length and timescales, and the definition of a “reaction pathway” for a process is an incredibly
challenging task. New frameworks are needed for defining mechanisms or reaction pathways to provide
models of the waste tank or waste form chemical environment.

For example, simulation tools are needed that couple mass balances, thermodynamic information, rates of
solute and colloid transport, gas evolution, and rate coefficients for an array of important reactions and
chemical compositions. When implemented in massively parallelized architectures, these tools can be
deployed at leadership-class computing facilities to predict the array of chemistries resulting from a
heterogeneous distribution of reacting materials in the presence of incomplete mixing. These models must
be developed and informed by knowledge of the chemistry and hydrodynamics in various waste systems.
As an example, such predictive models could quantitatively account for the accumulation of actinide
elements and fission products in tanks as waste streams are processed. They could be validated by
comparison to individual tanks, most of which differ in overall composition, and could be employed
within a feedback loop to create systematically improved approximations across length and timescales.
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Such a model could identify key physical or chemical information that is now inadequately described and
should be acquired at a high priority (Hobbs 2012).

Materials exposed to extreme environments present another major challenge. Exposure to ionizing
radiation typically accrues damage such that these materials can evolve from well-ordered systems into
significantly more amorphous systems. This evolution of the material is governed by multiple processes
occurring at variable rates. In particular, for processes occurring at low flux rates and at low temperatures,
their timescales can be extremely slow, but are the critical processes for dictating the material’s final
evolution. Compounding this situation is the fact that numerous kinetic processes have similar rates; thus,
the rates that dominate are very sensitive to conditions: temperature, fluxes, irradiation sources, and
detailed structure of the material. This means that accelerated testing experiments must be done with care,
as even small changes in any condition might change the hierarchy of rates and thus the final state of the
material. An obvious example is the fact that ceramics that are easy to amorphize at one temperature are
impossible to amorphize at higher temperatures because of the relative rates of defect production versus
defect recombination (Brown and Williams 2001).

In such cases, it is critical to supplement experimental studies with integrated modeling to identify key
mechanisms. Further, these models must account for all relevant kinetic processes so that temporal
boundaries between different emergent behaviors can be identified as a function of conditions. These
methods must account for, and efficiently treat, the large number of competing reactions. This will enable
determination of effective nonlinear aggregate behavior over long times. Kinetic rates must be identified,
whether by experiments or modeling, and the latter must be validated, when possible, by experiments.

The properties of materials can be dominated by chemistry, and mastering this chemistry will enable
possible exploitation for improved control during materials synthesis and enhanced functionality. For
example, solutes may be added to increase strength, provide corrosion resistance, and enhance electronic
properties. The chemistry can be controlled during synthesis or changed via ion-beam implantation or
even by incorporation of radioisotopes that evolve with time. As these chemically diverse species interact
with irradiation-induced defects, they redistribute, precipitating new phases or changing the host
structure’s stability. Implantation leads to relatively instantaneous changes in local chemistry as a result
of copious radiation damage, providing further impetus to structural evolution. In the case of
radioisotopes, this chemistry evolves with time, leading to elements that are chemically distinct from the
original isotopes and that may be more or less stable in the surrounding matrix than the original nuclides.
This further complicates understanding these systems as the equilibrium state of the system is
continuously evolving.

Elucidating these processes requires integrated theoretical and experimental efforts, as described in the
Transformative Research Capabilities section. For example, understanding the processes that occur in
irradiated materials will need a multitude of characterization and computational methods. These include
experimental spectroscopic, calorimetric, and in situ microscopic studies of radiation damage, ion
irradiation, implantation, and/or annealing. Such direct observation must be combined with computational
modeling (across scales from atomistic to continuum) using phase-diagram information from Computer
Coupling of Phase Diagrams and Thermochemistry supplemented by ab initio data of possible metastable
and/or nonequilibrium phases that might occur. Furthermore, accelerated molecular dynamics and kinetic
Monte Carlo methods must be used to assess kinetic pathways and their impact on the material’s
evolution. A key need in this area is high-quality charge-transfer potentials that can accurately account for
the behavior of chemical species in a wide range of atomic environments, and in the presence of
electronic and atomic defects, to serve as the foundation of atomistic modeling efforts.

Thus, integrated experimental and theoretical approaches are absolutely vital to advancing the
understanding of these materials as they complement each other, filling gaps and providing validation that
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are impossible with one or the other alone. In addition, design studies are needed that extend the overlap
between experimental characterization and theoretical tools.

Technology Impacts

The need to quantify chemical equilibria and reactivity beyond the domains of our current understanding
is essential for expanding the operational parameters for high-level radioactive waste processing and
storage. This knowledge gap results in limited confidence for predicting chemical behavior in harsh
systems coupled with ionizing radiation, which forces very conservative and costly operational
parameters. The research directions described will also inspire development of advanced computational
models that will ultimately enable the prediction of tank composition and reactivity across multiple length
and timescales. These computational tools will support rational manipulation of waste processing streams
and waste forms that may enhance our ability to provide safer, timelier, and cost-effective designs for the
engineered systems. The anticipated advances in theory and simulation will have an impact that extends
well beyond the immediate need of EM to understand tank chemistry, weathering of storage materials, or
the fates of contaminants.

Development of new statistical mechanical models for high-ionic-strength electrolyte solutions will
benefit many fields immediately, such as corrosion science, battery technologies, and geochemistry. In
geochemistry, for example, this research would support advances in carbon sequestration in saline
aquifers, evaporite evolution, and even atmospheric chemistry via sea-salt aerosols.

Two defining qualities of these environments that concern EM are the complexity of reaction networks
and the potential for highly reactive radiation products. Both present theoretical and analytical challenges.
Development of reaction-path models, which couple chemical reaction and transport rates in an enormous
network, will only advance with a new generation of methods to sample and characterize these difficult
chemical environments (described in the Transformative Research Capabilities section).

These research directions also will impact many areas of materials science, such as advanced nuclear
waste forms, materials for nuclear energy systems (both fission and fusion), and materials for deep space
exploration. Through the research directions proposed here and in the subsequent PRD, Mastering
Hierarchical Structures to Tailor Waste Forms, new design principles will likely emerge. This work will
support greater understanding that could lead to the development of radiation-tolerant and resilient
sensors for nuclear applications, and understanding and predictive modeling critical to devices employed
in high radiation environments. This work will also accelerate the development of industrial fabrication
processes derived from accelerator-based electron and ion sources to modify or functionalize materials.

Clearly, progress in the research areas can create an opportunity to exploit unknown and unrealized
functionality related to time-dependent behaviors of EM tank wastes and waste form systems. However,
these emergent functionalities that will enable next-generation disruptive technologies first require
mastery of complex chemical behavior that is far from equilibrium under extreme conditions relevant to
high-level radioactive waste streams, the materials used to process the waste streams, and the waste forms
that will sequester them for tens of thousands of years or more.
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UNDERSTANDING AND CONTROLLING CHEMICAL AND
PHYSICAL PROCESSES AT INTERFACES

Abstract

As discussed in the PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from
Equilibrium, DOE EM wastes are highly heterogeneous and dynamic; however, to fully understand these
systems another level of complexity must be examined, namely interfaces. Molecular processes at
interfaces with solids, liquids, and gases often drive mesoscale interactions and contaminant distributions
across the interfaces. Furthermore, particle-particle interactions can control macroscopic properties, such
as flocculation or precipitation and even transport in the environment. For example, risk-driving
radionuclides (such as plutonium, americium, curium, technetium, cesium, strontium, and iodine) have
poorly understood chemical and physical behavior at interfacial environments. Adding to the complexity
of these processes is the fact that many occur in the presence of concentrated electrolytes, highly ionizing
radiation, and/or within confined molecular environments. To predict how these systems will evolve, it is
essential to understand chemical reactivity and solvent structures at relevant interfaces under dynamic
and/or extreme environments; the behavior of solvents and other chemical species in nanoscale, confined
environments; and particle-particle reactivity. Once understood, these processes might be controlled to
yield interfaces tailored to enhance separation processes. This scientific foundation will also support new
innovations in the processing of high-level radioactive wastes, improved sequestration of contaminants in
waste forms, and improved environmental remediation of waste sites.

Scientific Challenges

Interfaces and associated physical and chemical processes have a huge impact on EM’s mission.
Adsorption of radioactive species on particles, association with colloids, and interactions with other
materials can dramatically impact the effective isolation of these highly hazardous materials from the bulk
of tank wastes. Interfaces with minerals and suspended matter in the subsurface can impact transport.
Further, interactions between particles can lead to agglomeration, impacting the flow of wastes in
separation processes and even clogging pipes and valves. A large number of scientific challenges must be
addressed to accelerate EM’s cleanup efforts and enable innovation and new technologies related to
remediation of both the high-level radioactive waste tanks and contaminated subsurface environments.
Understanding interfacial physical and chemical processes in complex systems will address significant
issues associated with tank waste processing and contaminants fate and transport in the subsurface
environment. This complexity is illustrated in Figure 6.
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Figure 6. New innovations to enable more timely and cost-effective cleanup alternatives will require
an understanding of many complex and heterogeneous interfacial processes in the presence
of ionizing radiation. The complexity of the systems relevant to EM, whether stratified
wastes in a high-level radioactive waste tank or contaminated soils in the subsurface
environment, is shown above. Molecular-level interactions will drive macroscale
observables, such as dissolution and precipitation, chemical fractionation, colloidal transport,
and slurry rheologies. Image permissions:. Top: Adapted with permission from Kersting
(2013). Copyright 2013, American Chemical Society. Middle: Image courtesy of Annie
Kersting, Lawrence Livermore National Laboratory. Bottom: Adapted with permission from
Powell, et al. (2011). Copyright 2011, American Chemical Society.

High-level radioactive waste streams are highly alkaline slurries of concentrated radioactive materials and
electrolytes. As such, the behavior of these waste streams is dominated by interfacial chemical and
physical processes that are strongly influenced by ionizing radiation, which often results in
counterintuitive observations. For example, finely divided solids that have been exposed to ionizing
radiation for decades are often significantly more insoluble than macrocrystalline surrogates that have not
been irradiated. Similarly, sonication of waste slurries can increase slurry particle sizes rather than break
up the aggregates and dilution of the waste slurry can cause precipitation rather than dispersing and
dissolving the solids. Unravelling such mysterious behavior presents a grand challenge due to the
multiscale complexity of the heterogeneous waste.

For the high-level radioactive waste tanks, characterization studies to date provide direct evidence on the
extreme variability of the materials in the different tanks; as a result, neither the speciation or reactivity of
the tank waste components are well characterized. Such variability imposes significant uncertainty on the
performance of the waste treatment systems. For example, boehmite, an aluminum mineral phase that
makes up a significant fraction of the tank sludge at the Hanford Site exhibits unexpectedly small primary
crystal sizes (Figure 7). These small crystals are mixed with microcrystals of many other minerals and the
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dissolution rate observed for boehmite in this complex environment is
much lower than expected. Understanding the cause of this inhibited
reactivity is critically needed because it will allow the design of an
approach to increase its dissolution rate. An increased dissolution rate
could also enable a marked increase in the rate of tank waste
processing. Controlling the dissolution and/or precipitation of other
contaminants such as chromium, bismuth, iron, and plutonium in the
tank wastes during processing are also problematic. Clearly, a
knowledge gap exists for understanding and controlling the interfacial
reactivity in these complex waste systems.

specific conditions and processes differ. For example, the influence of
mineral surfaces and colloids on contaminant behavior can lead to
unexpected macroscopic results. In some cases, these interfaces can Figure 7. Tank waste is often

Similar challenges exist for subsurface remediation, although the :E
200 nm j"

sequester contaminants, and in other cases, they can accelerate composed of crystals of varying sizes,
contaminant movement in the subsurface. In addition, natural systems which influences reactivity (Russel et
can be perturbed by seasonal processes, such as the cycling of al. 2009; Snow et al. 2009). Image
nutrients, or they can be disturbed by rare climactic events such as courtesy of Pacific Northwest
flooding. Effective remediation of subsurface systems requires an National Laboratory.

ability to predict changes in contaminant behavior from changes in

species and concentrations that arise during unexpected events or natural cycles that may occur repeatedly
over long timescales. Additional information on subsurface processes is outlined in the PRD, Predictive
Understanding of Subsurface System Behavior and Response to Perturbations.

Interfaces, including solid-solid, solid-liquid and liquid-liquid, are in essence defects or discontinuities
that have different chemical reactivities compared to the bulk material. Interfaces drive much of the
reactivity in natural and engineered systems; examples include biological membranes that are essential for
sustaining life, mineral-water interfaces that can control contaminant behavior in the environment, and
engineered interfaces that enable chemical separations. Such system heterogeneities are directly tied to
temperature and thermal properties that typically give rise to disorder and entropy, which can drive
interfacial dynamics in unexpected directions. Because of their complexity, interfacial systems have
typically been treated in idealized manners, both experimentally and computationally, such that averaged
structures or “frozen” states are represented. Such simplifications can miss many of the nuances of
structure and dynamics at a molecular level that can be magnified into unexpected macroscopic behavior.
New insights into interfacial processes are critically needed to enhance the rates of waste processing,
predict the behavior of contaminants in waste streams and/or the subsurface environment, and effectively
sequester contaminants in waste forms.

Chemical and Physical Processes at Interfaces

As described in the PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from
Equilibrium, the fundamental basis for describing chemical speciation and reactivity in extreme chemical
systems represented by typical EM problems is severely lacking. The full description of critical interfacial
chemical and physical processes of relevant species found in bulk waste systems represents another major
knowledge gap. At these interfaces, molecular structure is perturbed compared to the bulk system, leading
to major changes in local molecular structure and reactivity. To adequately describe and predict chemical
reactivity and solvent structure at such interfaces, physical phenomena involving electric double layers,
hydrogen bonding, and other van der Waals forces must be considered.
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At the nanometer scale and smaller, the behavior of water and other polar constituents at interfaces is
different from that of bulk, unconstrained solvent molecules. As shown in Figure 8, at the interface of
quartz (SiO») and aqueous solutions of 0.01M RbCl, a very strong densification of water at the interface is
observed, relative to bulk water (Bellucci et al. 2015). The constrained solvent at the interface can lower
energy barriers for transition states and reduce entropy barriers for reaction pathways, leading to
unexpected reactions and macroscopic observations. In other cases, rare events can give rise to
unexpected energy transitions that can drive surprising chemical effects. For example, recent work shown
in Figure 9 elucidated the differences in solvent conformation and microsolvation of tributyl phosphate
and its radiolytic products dibutyl and monobutyl phosphate at the n-hexane—water interface compared to
the bulk solvent (Ghadar et al. 2015). Microsolvation is defined as the rare event where one solvent
molecule temporarily penetrates the co-solvent phases and is fully solvated therein. From this work,
tributyl, dibutyl, and monobutyl phosphates appear to exhibit a systematic increase in aqueous solubility
and selectively partition to the interfacial region at the infinite dilution limit. The relationship between
adopted configurations of the solute, orientation of the solvent, and the ability of the solute to enhance
microsolvation, specifically the ability of n-hexane to penetrate the aqueous phase, has been demonstrated
within a 20 A radius of tributyl phosphate. These dynamics at the liquid-liquid interface provide insights
into the nucleation and formation of interfacial solids as a result of radiolytic degradation of the tributyl
phosphate.
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Figure 8. Electron density profile at the interface of quartz and pure water. The interface (at 0 A)
between quartz (Si0O.) on the left and aqueous solutions (pure water in blue, 0.01M RbCl in
red) to the left from X-ray reflectometry conducted at the Advanced Photon Source at
Argonne National Laboratory. Peaks locate structural positions of silicon and oxygen in
quartz, and oxygen and rubidium in water at the interface, showing very strong densification
of the interfacial water, relative to bulk water farther to the right. Insert from resonant
anomalous X-ray scattering, shows that Rb* occurs in two structural sites, one within the
dense interfacial water layer, and another farther from the surface (inner- vs. outer-sphere
sorption). Reprinted with permission from Bellucci et al. (2015). Copyright 2015, American
Chemical Society.
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Figure 9. The organization of water molecules (small blue dots), n-hexane molecules (green alkane
chains), and tributyl phosphate molecules (reddish-brown molecules) as a function of
position across the liquid-liquid interface involving n-hexane and water. Note the energy
minimum for the molecular structure shown at the liquid-liquid interface. Interestingly, this
work also suggests transfer of small quantities of n-hexane into the aqueous phase with the
tributyl phosphate molecule (although an energy barrier exists, as shown), and little water
mixing into the n-hexane phase. Reprinted with permission from Ghadar et al. (2015).
Copyright 2015, AIP Publishing LLC.

While some insight on interfacial phenomena has been gained over the past decade, the extremes in
electrolyte concentration, pH, and high radiation fields lend a new dimension of complexity to this
critically important topic. For example, much of our understanding of solvent radiolysis is derived from
basic research conducted in bulk water. However, with limited water available, the quantity of solvent-
derived radiolysis products and the overall reactivity of the system are expected to be quite different. New
insight into the chemical and physical processes that occur at interfaces is critically needed to unlock new,
highly efficient separation processes, devise effective environmental remediation strategies, and develop
improved technologies for long-term waste storage.

Colloidal Behavior in the Environment and Rheological Behavior of Waste Stream
Slurries

For many waste streams, including EM’s high-level radioactive wastes, the levels of colloids can be quite
high. The presence of these suspended particulates can lead to complex and unpredictable behaviors that
can make the handling and processing of these waste streams exceptionally difficult. For example, the
interactions of colloidal particles with solvent and with each other give rise to sometimes unexpected flow
characteristics, and colloidal transport in subsurface groundwater systems has been implicated in
surprising rates of contaminant migration from underground sources around the world (for example,
Kersting et al. 1999; Novikov et al. 2006).
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For Newtonian fluids, a linear relationship exists between shear stress and shear rate, with the coefficient
of viscosity defining the dependence between these two variables. In simple colloidal systems (for
example, monodisperse, charged spherical solids suspended in a dilute electrolyte), this coefficient of
viscosity is a measure of the interactions between components of the slurry, which is reasonably described
by the combination of attractive van der Waals forces and repulsive electrostatic forces. These
interactions are described using Deryaguin-Landau-Verwey-Overbeek (DLVO) theory (Bostrom et al.
2001). For non-Newtonian fluids, the relation between shear stress and shear rate is not linear and can
even be time dependent.

For complex slurries such as high-level radioactive waste, significant non-Newtonian behavior arises
from the impact of concentrated electrolytes, which collapses the electrical double layer around the
charged particle. This leads to the increased significance of van der Waals and other non-DLVO forces,
which are largely undefined for the extreme conditions of typical EM waste streams. Basic research is
needed to define the interfacial molecular reactions and their coupling to other forces across spatial scale.
This improved understanding will provide the basis for controlling the rheology of the high-level
radioactive wastes during processing, which will reduce operational liability associated with unwanted
precipitation in process lines. It may also provide a foundation for developing technologies such as pipe
coatings and waste stream additives that will inhibit coagulation and precipitation within the process
lines.

Research Directions

Understanding and controlling interfacial chemical and physical processes are central to addressing EM
mission needs. These interfacial processes can cause key radionuclides to be sequestered and impact
availability in separation processes or even enhance transport in the subsurface. Interactions between
particles can cause difficulties in fluid flow and lead to clogging of processing equipment. Building from
the research directions focused on speciation and reactivity in complex, heterogeneous media outlined in
the PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from Equilibrium, this PRD
specifically focuses on the reactivity of the relevant species at interfaces. The research directions
described here focus on the molecular level to the approximately micron scale and relatively short time
domains (for example, typically minutes or less). The challenges associated with integrating these
directions into larger spatial scales and longer temporal domains are addressed in the PRD, Predictive
Understanding of Subsurface System Behavior and Response to Perturbations.

Understanding Interfacial Chemical Reactivity and Solvent Structure under
Extreme Conditions

Considerable progress has been made in understanding liquid-solid interfacial processes; however, under
extreme conditions encountered in EM wastes, such as concentrated electrolytes, high pH, and ionizing
radiation, interfaces will evolve and interact with species in solutions in unexpected ways. For example,
we know that solid phase structures, and therefore their chemical and physical characteristics, can be
altered due to radiation-induced damage. But the ionizing radiation can also change the chemistry of the
species expected in the system. As chemically diverse species in solution interact with irradiation-induced
defects in the materials, new and unexpected phases can precipitate, which change the stability of the host
structure. In addition, radioisotopes can be incorporated into the material and subsequently undergo
radioactive decay. Radioactive decay transmutes the original element and isotope into different elements
and isotopes, leading to an evolution of the material over time. These decay products may be less stable in
the surrounding matrix than the original nuclides. This further complicates understanding these dynamic
systems that are far from equilibrium.
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Understanding the myriad chemical and physical processes and resulting structural and reactivity changes
at the interfaces is a major knowledge gap. To address this gap, a full assessment of the complex,
multicomponent, multiphase materials in waste systems is required. This would include, for example,
understanding the aggregate thermodynamic behavior of multiphase composite materials, including the
role of interfaces in stabilizing metastable phases. Physical forces are also important for understanding
structure and reactivity at surfaces. For example, van der Waals forces are very important at interfaces.
Although van der Waals interactions are weak, their influence at interfaces can dominate the overall
behavior of the system. Van der Waals forces play a large role in solvent structure for polar solvents at the
surfaces of charged particles, and recent work demonstrates that the water structuring near solid-liquid
interfaces is highly correlated with van der Waals forces (Chun et al. 2015).

Elucidating these many chemical and physical processes requires new experimental approaches that must
be integrated with computational calculations, models, and simulations that can extend across scales (see
also Transformative Research Capabilities). For example, phase-diagram information from Computer
Coupling of Phase Diagrams and Thermochemistry can be supplemented by ab initio data of possible
metastable/nonequilibrium phases that might occur. Similarly, accelerated molecular dynamics and
kinetic Monte Carlo methods can be used to assess kinetic
pathways and their impact on the evolution of the material. A
key need in this area is the development of high-quality
charge-transfer potentials that can accurately account for the
behavior of interfacial chemical species in a wide range of
atomic environments, and in the presence of electronic and
atomic defects, to serve as the foundation of atomistic
modeling efforts.

Advances in spectroscopic and computational approaches over
the past decade provide the capability to directly probe
reactivity at surfaces such as acid-base reactions, solvent
dynamics, and particle-particle interactions. For example, in
Figure 10, experimental force data obtained with atomic force
microscopy is compared directly with ion density profiles from

molecular dynamics simulations providing a comprehensive Figure 10. Schematic of an in situ
picture of the electrical double layer structure for uncharged investigation of an interface. Here, ionic
and charged highly ordered pyrolytic graphite in an ionic liquids form an alternating structure of
liquid electrolyte (Black et al. 2013). These types of combined anion/cation layers at the solid-liquid
characterization and computational studies are critically interface. As an atomic force microscopy

needed to enable the prediction of the nucleation, aggregation,  tip approaches the surface it detects forces
and formation of interfaces in dynamic systems; the chemical ~ s it moves through the dense ion layers
forces that drive dissolution; and the transfer of molecular (Black et al. 2013). Image courtesy of
species across these interfaces. Further examples are outlined Oak Ridge National Laboratory.

in the Transformative Research Capabilities section.

Solvent Behavior in Confined, Nanoscale Environments

In many EM waste environments, the concentrations of water and other typical solvents relative to other
components are generally quite limited. As a result, these species are often confined to nanoscale
environments. This nanoconfinement could lead to unexpected behaviors. The basic knowledge for
describing physicochemical reactions in such confined nano environments, in particular in the presence of
ionizing radiation, is lacking.
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Recent work has shown that the hydrogen bonding of confined water in concentrated electrolyte solutions
can be quite different from that in bulk solutions (Corsaro et al. 2016). Similarly, water constrained in
nano environments, such as carbon nanotubes, has been shown to exhibit markedly different hydrogen
bonding behavior that can possibly be “tuned” by varying the electrostatics of the carbon nanotube
environment via chemical functionalization (for example, Sahu and Ali 2015). Understanding the impact
of ionizing radiation on confined water and other confined solvents is necessary for predicting and
exploiting interfacial chemistry in high-level radioactive wastes.

As outlined in the Transformative Research Capabilities section, recent advances in analytical techniques
are now making it possible to study interfacial processes and reveal unprecedented levels of information.
In the case of electron microscopy, atomic-level spatial resolution is now possible and liquid stages are
available to directly observe the solid-liquid interface. Similarly, hydrogen/deuterium exchange can be
used with neutron scattering to investigate interactions of water and other solvents with minerals and
other materials as well as reveal the movement of water through pores. Chemical imaging techniques
have also been used to observe self-assembly of solvent molecule structures.

Linking Interfacial Reactivity with Macroscopic Properties

As a macroscopic property, waste stream rheology is an exceptionally challenging aspect of processing
high-level radioactive waste streams, which often have consistencies that are similar to wet cement or
peanut butter making them very difficult to move through process waste streams. These rheologies are
driven by non-DLVO forces.

At the molecular level, non-DLVO forces are impacted by acid-base interactions, solvation forces, and
steric and molecular bridging forces (Grasso et al. 2002). For highly concentrated electrolytes, such as the
high-level radioactive waste, water structuring at particle-liquid interfaces and coupled van der Waals
forces can lead to unique interactions that govern agglomerate structures and bulk rheology. Furthermore,
for suspensions composed of differing solids species or with complex particle surface chemistries,
differences in the surface charges and higher concentrations of multivalent ions can lead to unexpected
phenomena, such as a reversal of forces and electrostatic attractions. These colloidal interactions can also
lead to agglomeration and ultimately precipitation, which should be avoided when trying to process
highly radioactive waste materials.

Recent studies have found that, contrary to DLVO theory predictions, agglomeration at high salt
concentrations proceeds rapidly, leading to a “restabilization” of colloids with respect to aggregation at
high salt (Huang and Berg 2006; Manciu and Ruckenstein 2004). High-salt restabilization is attributed to
hydration forces that are generally believed to be correlated with water structuring in the vicinity of
particle surfaces. The forces are dependent not only on the ionic strength, but also on type of ions. lon
specificity has been known to influence the interfacial chemistry of particles and colloidal stability
(Bostrom et al. 2001; Das and Rohatgi 2010; dos Santos and Levin 2011; Peula-Garcia et al. 2010). In
fact, work focused on environmental systems (for example, groundwaters, low electrolyte systems) does
not directly translate to tank waste systems (high electrolyte systems) because the non-DLVO interactions
are quite different. These differences are manifested, for example, in the significant problems associated
with tank waste rheology at the Hanford Waste Treatment and Immobilization Plant. Thus, fundamental
understanding of these molecular-level phenomena may provide critical insight into these and other types
of problematic macroscale behavior.

Advances in characterization techniques are needed to provide direct characterization of particle
interactions in complex systems and greatly enhance the understanding of interactions among major waste
components. For example, colloid-probe atomic force microscopy can measure short-range particle-
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particle interaction forces in solution, with force resolution of 1-100 pN and spatial resolution of 0.5—

2 nm. Further, this technique can be extended to measure friction and adhesion forces between particles.
Advances in other types of imaging techniques, such as transmission electron microscopy and scanning
electron microscopy, now allow particulates to be measured in solution. Similarly, small-angle X-ray and
neutron scattering techniques are also capable of in situ studies of particle aggregates microstructure.

In addition to these advances in experimental tools, computational schemes and algorithms are needed to
translate molecular phenomena to the mesoscale, and even to the system scale. For example,
understanding the molecular phenomena that drive aggregation in suspensions and bulk rheologies is
essential for mitigating the risks for pipe clogging during high-level radioactive waste processing.
Capturing the relevant molecular processes accurately as phenomena are scaled up to macroscopic
phenomena is essential for reflecting the dynamic nature of the chemical phenomena.

In summary, interfacial processes, both chemical and physical, impact virtually all aspects of EM’s
mission. In processing wastes, interfacial interactions can decrease the recovery of harmful species from
those that are benign and can cause particulates to aggregate and clog pipes. Interfacial interactions of
radioactive species with both minerals and particulates in the subsurface can have a huge impact on the
fate and transport of these species and impact remediation processes. Understanding these processes at the
molecular level and extending this knowledge to the systems level is a critical first step in formulating
new technologies for waste processing and environmental remediation.

Technology Impacts

The benefits of research on interfacial phenomena are far reaching within EM missions and will impact
many other areas, including effective and efficient waste processing, geologic disposal, and
environmental remediation strategies, as well as provide insight that will lead to vastly improved
separations systems. For example, to support EM’s mission, it is critical to predict the performance of
waste processing streams and the remediation of the subsurface environment. To develop these models
requires detailed knowledge of a multitude of chemical and physical parameters, including spatial
distributions, types, and amounts of the many components present that impact key interfacial processes.
Armed with this knowledge of the interfacial chemistry and physics in heterogeneous systems, high-
fidelity models can be established. These improvements will open up new, highly reliable, and predicable
waste processing and environmental remediation strategies.

This knowledge would also allow tank waste behaviors, including agglomeration, precipitation, rheology,
and filtration, to be predicted and altered to control and optimize tank waste processing and
environmental remediation. For example, the primary limitation for both the Hanford and Savannah River
Sites’ treatment schemes for high-level waste sludge is associated with the rheological properties of
wastes, which can range by several orders of magnitude at a given solids concentration. Fundamental
understanding of these properties would significantly expand the operational window for the waste
treatment systems, thereby dramatically accelerating the waste treatment process.
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HARNESSING PHYSICAL AND CHEMICAL PROCESSES TO
REVOLUTIONIZE SEPARATIONS

Abstract

There are few challenges within the field of separations science that match those posed by EM tank
wastes. These challenges are due to the highly heterogeneous and dynamic nature of these wastes as well
as their extreme environments, including high pH, ionic strength, and radiation. The extreme condition of
these wastes places an urgent demand for the development of robust and well-understood technologies to
enable safe, selective, efficient, and cost-effective cleanup of wastes. New strategies for isolating risk-
driving radionuclides and other toxic constituents from complex waste mixtures require fundamental
understanding of molecular-level chemical and physical processes that can be deliberately and rationally
manipulated to optimize the selective separations of targeted species. This knowledge will enable the
design of a new generation of molecules and materials capable of providing revolutionary advances in
separations technologies to fulfill EM mission needs.

Scientific Challenges

Separations processes are designed to partition a mixture of materials into its various components. Large-
scale separations processes are used daily in multibillion dollar petroleum, mining, chemical, and
pharmaceutical industries for production of commercial products. In addition, smaller scale separations
processes are used for the analysis of components in medical, environmental, forensic, and other
applications. The field of separations science encompasses a wide range of fundamental scientific
concepts based on coordination, inorganic, and physical chemistries as well as colloid, soft matter, and
interfacial sciences. Separations processes may be described thermodynamically in terms of chemical
potential gradients within dynamic systems that may also be perturbed by imposing external stimuli, such
as electrical, magnetic, gravitational, or radiation fields. The enabling concept that resides at the crux of
separations science is selectivity. To control selectivity, one draws from many branches of chemistry and
physics to understand the origin of differences in the properties of species in mixtures and learns how to
manipulate the driving forces and time-dependent constraints that act on these properties. Thus,
separations science is driven by properties of species, matrix interactions, and the nature of useful
chemical transformations.

More than 70 years have elapsed since initial operation of the first industrial-scale radioactive separations
process for the recovery of plutonium. These initial processes, such as the PUREX process, which uses
tributyl phosphate to selectively partition plutonium(IV) and uranium(VI) from the other solutes in the
aqueous phase (see Appendix A for further details), originated from a base of fundamental scientific
knowledge, which then proceeded through applied research, followed by an engineering stage leading to
plant operation. Since then, the approaches used for separations of these complex radioactive mixtures
have been modified and optimized but in their essence have not progressed significantly. Many changes
that have been implemented are incremental, involving either lengthy trial-and-error approaches or
engineering “work-arounds.” Other changes resulted from system-specific fundamental information
developed over the decades. While the incremental changes allowed by applied research supported by
increasing fundamental knowledge have been extremely valuable, the recalcitrance of tributyl-phosphate-
based chemistry, such as found in PUREX, to supplanting alternative technology stands as a sign of the
magnitude of innovation required. While the problems of PUREX are well known, implementation of an
alternative technology will require a paradigm shift. In the same respect, the nature of EM problems can
be seen to pose similar challenges to separations science and technology.
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One important example of the impact of fundamental science on waste separations is the next-generation
CSSX process (Moyer et al. 2005; Pierce et al. 2012). Before the development of CSSX, very high
sodium concentrations found in waste tanks severely interfered with the separation of '*’Cs in high-level
wastes at the Savannah River Site. The CSSX process solved this dilemma using a novel, highly selective
chelating agent (BOBCalixC6 extractant) that was developed based on over a decade of fundamental
research on macrocyclic extractants in projects funded by the DOE Office of Science Basic Energy
Sciences. This process has been successfully deployed at scale at the Savannah River Site to remediate
millions of liters of wastes. This is an outstanding example of how basic research can provide new
insights to tackle what previously had been viewed as a nearly insurmountable problem that would
require additional costly and time-consuming separations steps.

Another example is illustrated by the persistent formation of third phases. During decades of PUREX
process operations the world over, plant operators learned empirically to avoid conditions that promoted
third-phase formation, some of which could pose serious safety risks, including criticality, in radioactive
systems. Recently, in studies using Office of Science neutron and X-ray user facilities, the fundamental
basis for the formation of this third phase was revealed to arise from the self-assembly of molecular
species into nanoscale aggregates and subsequent assembly of aggregates into meso-ordered structures
(Testard et al. 2010).

EM’s wastes represent some of the most challenging mixtures on Earth, which are made even more
complicated by extremes in radiation and high pH and ionic strengths. Contaminated environmental
systems such as groundwater present other challenges of extreme dilution and the presence of myriad
mineralogical and biological effects. Today’s separations technologies fall far short of meeting the
remediation challenges faced by EM. These technology gaps can only be addressed by gaining
fundamental insight into the physical and chemical processes that can be harnessed to effect efficient,
cost-effective separations of EM’s hazardous wastes.

Research Directions

Revolutionary approaches are needed to address the daunting separations challenges required to meet the
requirements of the EM mission. A critical first step is to understand the behavior of the specific chemical
species to be separated, in this case specific radionuclides and their fission products, as outlined in the
PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from Equilibrium. In addition to
identifying the full range of species present in the extreme conditions engendered in EM wastes, the
numerous chemical and physical processes (including reduction-oxidation, complexation, and
precipitation, among others), which occur in these nonequilibrium environments, need to be understood to
facilitate the design of highly selective and efficient separations approaches. The following key research
directions have been identified to both elucidate and exploit fundamental processes required to design
molecules and materials for next-generation separations processes for EM wastes.

Understanding Mechanisms that Drive Separations at Interfaces

Separations processes involve mass transport at or across interfaces: liquid-liquid, solid-liquid, gas-liquid,
or other combinations. Therefore, understanding and controlling chemical (for example, coordination
chemistry, bond covalency, and ligand design) and physical processes (for example, mass, charge,
dielectric constant, and magnetic response) that occur at interfaces is a key to developing atom-efficient
separations schemes. Interfacial thickness in most separations systems is on the order of 10 nm, while
bulk-phase dimensions in typical multiphase systems may be on the order of 100 um; thus, all mass
transport is controlled by only 1/10,000 of the volume of a typical separations system. As the effective
“gatekeeper,” the interface is responsible for separations rate, which translates to throughput, plant
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footprint, and overall economic viability. Understanding this rate-controlling role is thus critical for the
design of effective separations systems.

However, the interfacial role extends far beyond kinetics. Interfaces are generally not static, but rather
form, disappear, and move in space, as in crystallization or dissolution processes. In liquid-liquid systems,
the interface is repeatedly formed and broken in mixing and coalescence. Such dynamic phenomena are
often overlooked, but they are as integral to the design of a separations agent as is its binding selectivity.
A related overlooked interfacial problem is fouling. All real-world separations systems degrade by some
form of fouling whose origin is an interfacial effect that was not foreseen in the concept design. While
this problem is usually handed to the engineers, it can spell ultimate rejection of an otherwise elegant
chemical system and therefore merits fundamental inquiry. Finally, interfacial properties can be critical
for separations selectivity. While bulk-phase properties are typically tailored to obtain the desired
selectivity, the gatekeeping role of the interface represents an open opportunity to enhance selectivity
employing only a microscopic fraction of the overall system volume. In summary, it may be seen that
controlling the properties of phase interfaces in separations systems offers a vast opportunity to not only
enhance efficiency and selectivity in existing types of systems, but to develop entirely new separations
with unprecedented economic potential.

Understanding these interfacial processes requires a variety of analytical techniques, as outlined in the
Transformative Research Capabilities section. Indeed, new X-ray and neutron scattering and
spectroscopic techniques represent a breakthrough in understanding interfacial properties, kick starting
research that had long since stalled using classical methodology. Many state-of-the-art techniques now
allow these interfaces to be examined in situ, including X-ray and neutron scattering and spectroscopy
(including small-angle and wide-angle techniques), optical probes (such as second harmonic generation),
and various microscopies (including electron, scanning probe, and optical modalities). However, new
types of characterization technologies are needed to probe the full range of interfacial processes across
multiple spatial and temporal scales that will be required to fully understand these complex processes.
Because tank waste samples have high radionuclide content, microfluidics techniques can aid in handling
small samples, especially when coupled with a variety of characterization techniques (Nichols et al.
2011).

Design and Synthesis of Molecular and Materials Architectures with Tailored
Properties

The success of highly selective chemistry such as CSSX validates the power of molecular recognition in
EM applications, but made-to-order selectivity is not yet a reality and remains a major challenge. While
Nobelists Lehn and Cram long ago delineated the core principles of molecular recognition, a fundamental
lack of knowledge in the science underlying the design of new materials has stalled progress. Two criteria
for separations materials of the future include high selectivity and efficient binding-release cycling.
Regarding selectivity, EM wastes require high separations factors owing to the dilute nature of
contaminants in streams containing relatively high concentrations of competing species. Ideally, these
separations must also exhibit this selectivity in rapid mass-transport systems while consuming a minimum
of energy and producing no secondary waste. Inherent selectivity reduces the footprint of a facility as well
as the amount of material required and as such offsets the cost of expensive separations agents. However,
today’s capabilities in receptor chemistry fall far short of the selectivity needed for EM wastes.

When considering approaches to improve selectivity, a number of system-wide factors must be
considered. For example, the structure in Figure 11 illustrates an approach for efficiently removing sulfate
from EM wastes, which interfere with waste vitrification (Custelcean et al. 2008). Further, EM wastes
typically require removal of multiple contaminants, and thus selectivity ideally implies simultaneous
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recognition of target species. Regarding the binding-release criterion, most designed receptors for target
contaminants must also exhibit efficient release of the contaminants into a stream that can be used directly
by downstream processes. In some cases, approaches using separations agents that can either be destroyed
or converted into waste forms may be viable; however, to be most efficient, recycling the separations
media may be desirable. For example, the economics of most molecular-recognition systems require that
the separations agent be recovered and recycled thousands of times. Along with high selectivity and
efficient binding-release cycling, interfacial properties and other characteristics such as high stability
must be considered. Overall, the functional requirements of a designer separations material impose
daunting challenges and opportunities for research of potential benefit to EM problems.

Figure 11. Aqueous sulfate separation by crystallization of urea-functionalized capsules. Each sulfate is
completely encapsulated by an ideal 12 hydrogen bonds from three urea groups in each of
two capsule-forming tripodal receptors. The capsules form insoluble crystals with alkali or
alkaline earth metals, which is potentially useful for removing sulfate from wastes. Sulfate
interferes with waste vitrification and its removal could reduce the amount of glass waste
forms needed with large net savings in schedule and dollars. Modified by permission from
John Wiley and Sons: Wiley Online Library, Custelcean et al. (2008). Copyright 2008.

Advances in nanoscience over the past decade—including synthesis, characterization, and computational
modeling and simulation—have given rise to the ability to design and synthesize materials with specific
architectures and even chemical functionalities at the nanoscale. These advances have already led to new
separations materials and processes using liquid polymers, graphene, zeolites, and mesoporous carbons
and other materials (Liang et al. 2008). For example, the design of nanoporous sorbents (Carboni et al.
2013a; Gorka et al. 2013; Gunathilake et al. 2015; Johnson et al. 2012) and new nanomaterials—
especially graphene with its remarkable resistance towards radiolytic damage—can be tailored into novel
structures for separations. This is demonstrated in Figure 12, which shows a remarkable new class of
graphene thin films with crown ether moieties. These films have been demonstrated for selective alkali
metal cation binding (Guo et al. 2014).

Manipulation of chemical properties or material dimensionalities opens the door to development of
exciting new classes of new molecules and materials architectures that could be incorporated into
separations schemes. For example, multiple functionalities could be designed into a single molecule or
material to allow separations of multiple targeted species in a single step and thus simplify separations
schemes. Further, it may be possible to devise materials that can adapt to different species or regenerate
with a change of solvent or applied field. One can imagine, for instance, designing a chelating molecule
that releases a captured cation with the application of a magnetic or electric field (in case of carbon-based
nanoporous materials), allowing the chelator to be readily recycled for another round of separations.
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Figure 12. New class of graphene thin films for selective alkali metal cation binding. Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications, Guo et al. (2014).
Copyright 2014.

Nanoporous materials based on metal-organic frameworks and porous organic polymers offer new
possibilities to tailor the adsorption sites with high precision in combination with computational
modeling. For example, a cooperative binding site with uranyl ions was created through a convergent
orientation of functional groups at appropriate distances inside a metal-organic frameworkcavity (Carboni
et al. 2013b). These cooperative sites give rise to a considerably enhanced selectivity for the targeted
metal ions. By combining advanced polymer grafting techniques with nanoporous materials, high
concentrations of functional groups can be grafted on these porous architectures (Yue et al. 2013).

New Approaches for Separations Based on Physical Properties and Chemical
Properties

Separations approaches typically maximize the small differences between chemical and physical
properties of targeted species to affect efficient separations. Current separations techniques for EM wastes
have been used for decades with little innovation; however, there are many types of separations
approaches that have not been applied to the types of materials found in EM wastes. For example, rare
interactions/oxidation states might be manipulated to affect efficient separations (Runde and Mincher
2011). In this regard, it is well known that highly caustic electrolytes can stabilize high and otherwise
unstable valence states, such as neptunium(VII), plutonium(VII), and americium(VII). These new
chemical states could be exploited for separations processes using new and highly specific molecules and
materials.
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The success of future advanced remediation processes rests heavily

on the creation of separations schemes capable of separating

radionuclides with greater specificity and efficiency than ever

achieved before. A prevailing issue is the development of active and — S
functional solvent systems that can go beyond the current passive use

of volatile organic solvents in liquid-liquid extraction. lonic liquids

are an emerging class of functional solvents (Sun et al. 2012).

Compared with traditional organic solvents, ionic liquids offer many - L |
distinct advantages, such as negligible vapor pressures, good thermal

stability, high ionic conductivity, broad electrochemical potential

windows, and high synthetic flexibility as good solvents for a broad

spectrum of inorganic and organic molecules. The unique ionic “

solvation environment can be potentially exploited in achieving high s
extraction efficiency and ion selectivity. Both solvent extraction and

electroseparations can possibly be coupled to develop hyphenated _Fig_“l‘e_ 13{- Magnetically responsive
separations systems based on ionic liquids. Figure 13 shows a 10MC llqu1d§ arc an exgrnple of a
magnetically responsive material based on ionic liquids that has the =~ €W separations material.

potential for the separations of solid wastes in stratified slurries Reproduced in part from Branco et

found in EM waste tanks (Branco et al. 2011; Bwambok et al. 2013). al. (2011) with permission of The
Royal Society of Chemistry.
Finally, adaptive separations that take inspiration from biology could
be imagined, wherein large-scale, self-recognizing, self-assembling, and self-healing processes drive
solute partitioning in an incremental step-wise fashion. Stimulus-responsive separations based on physical
properties, such as photochemistry, electrochemistry, magnetochemistry, or other phenomena, could also
be imagined. This and many other physical and chemical properties of molecules could be exploited to
yield a new generation of efficient separations technologies.

Technology Impacts

It is clear that to meet EM mission goals, a new generation of efficient and selective separations methods
are overwhelmingly needed. The first critical step towards meeting this goal is to understand, predict, and
eventually control chemical and physical processes to allow effective separations processes to be devised.
Because interfaces control separations processes, understanding the processes that occur at liquid-liquid,
liquid-solid, and other interfaces is also vital to this goal. Armed with this information, whole new classes
of molecules and materials can be developed, leading to revolutionary separations technologies that have
both high efficiency and high selectivity for the targeted species. Recent advances in nanoscience, which
allow materials to be tailored to specific architectures and/or modified chemically to have specific
functionalities, present a particularly exciting avenue for tailoring selectivity for EM waste separations.
These nanoscience advances may also provide materials that are adaptive and self-restoring, adding even
more value to the EM mission. New capabilities developed as part of this PRD will have far-reaching
impact in other energy technologies where separations are critical, such as carbon dioxide reduction and
biofuel production, as well as a broad range of industrial applications, such as chemical, pharmaceutical,
and petroleum production.
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MECHANISMS OF MATERIALS DEGRADATION IN HARSH
ENVIRONMENTS

Abstract

The degradation of structural materials, such as waste tanks, processing equipment, and radioactive waste
storage systems, poses a huge threat to EM’s mission. Materials exposed to harsh environments, including
wastes containing high levels of radionuclides as well as extremes in pH and ionic strength, can degrade
across broad timescales. These degradation rates may be very slow, such as for glass waste forms in a
geologic repository, or may be relatively fast in an extreme environment, such as for bulk waste storage
tanks. Material degradation in this PRD focuses on chemical reactions localized to interfaces of the
material with its environment. The elementary and atomistic processes involved in these degradation
processes are poorly understood. Fundamental knowledge of these processes is critical to develop new
materials that can withstand the harsh conditions and ensure the long-term safety of waste handling and
storage.

Scientific Challenges

Advances in understanding the fundamental mechanisms of materials property degradation in harsh,
complex environments are a critical first step towards developing new materials to support EM’s mission.
Most studies of material failures have been conducted in a reactive mode, after a failure has occurred.
New materials are needed that are less prone to failure and, importantly, predict eventual failures in
systems that are expected to last for tens to thousands of years. Predictive modeling is needed to describe
coupled reactive transport processes from nano- to mesoscale in complex harsh radiolytic environments
from picoseconds to geologic timescales.

The ability to understand materials degradation and failure processes will significantly impact waste
management and environmental remediation. The research directions outlined in this PRD seek to expand
this understanding from the atomic to the systems level in a broad range of extreme environments,
ranging from tank wastes to waste forms to spent nuclear fuel assemblies. Local environments can be
probed by both experimental and computational methods, and the behavior of metals, glasses, and
ceramics can be elucidated. A critical research component is validation of results. This includes validation
of the modeling for prediction of speciation and interface behavior as well as for accelerated testing,
which is required for the slow reactions associated with glass corrosion and passivation of metals.

Research Directions

Materials are central to EM’s mission, including containment of stored materials processing equipment,
such as pipes and valves, and waste storage systems including spent nuclear fuel assemblies, waste forms,
and containment materials. The extreme conditions of the waste materials and their environments make
access to these materials extremely difficult and failures of these materials translate into huge schedule
delays and incurred costs. Thus, it is critical to develop new materials that can endure the extreme
conditions of EM wastes. This will only be possible by understanding the underpinning fundamental
chemical and physical processes by which materials are degraded. This PRD focuses on three research
directions: fundamental radiation and electrochemical processes in complex systems, understanding
corrosion mechanisms at the molecular level and in constricted volumes, and mechanisms of materials
degradation in harsh environments.
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Fundamental Radiation and Electrochemical Processes in Complex Systems

Because the material degradation processes are strongly dependent on the details of the local
environment, it is critical to elucidate the chemistry of this environment and the influences of the ionizing
radiation. Redox phenomena that are driven by electron, ion, and radical reactions stand at the core of
chemistry for all elements on the periodic table. The presence of an ionizing radiation environment is the
source of the production of an avalanche of secondary particles, the most important of which are low-
energy electrons, solvated electrons, neutral radicals, radical ions, alpha and beta particles, neutrons, and
gamma radiation.

The fundamental processes governed by both faradaic changes of oxidation state and non-faradaic
changes (such as the cleavage of oxygen-hydrogen bonds in water that lead to radical formation) need to
be elucidated. Further, the role of ionizing radiation on the formation and equilibria between
nanoparticles, colloids, ultrafine precipitates, etc., as well as how it impacts the reactivity of a material’s
surface comprise an area that is poorly understood, yet critical to predict. For example, there is
accumulating evidence to suggest that large metal-oxide clusters can enhance the effects of radiation
chemistry (LaVerne 2005; Petrik et al. 2001; Poston et al. 2014). These multifaceted issues must be
understood across many scales, from a simple hydrated ion (angstrom scale) to macromolecular grains
(micron-scale colloidal systems) and beyond. Recent advances in characterization and computational
techniques have the potential to provide insight into the radiochemical and electrochemical processes in
complex tank fluids and waste form solid solutions. Of special importance are the capabilities available at
DOE light sources, neutron sources, nanoscience research centers, and other user facilities that can
provide insight into the fundamental chemistry and physics involved in these degradation processes.
These capabilities are outlined in the Transformative Research Capabilities section.

Understanding Corrosion Mechanisms at the Molecular Level and in Constricted
Volumes

Reactions of solid surfaces with their environments occur at interfaces and ultimately at the atomic level.
For many forms of corrosion, the initial reactions take place in constricted or occluded regions in metals,
glasses, and other materials that can develop gradients in the material’s composition and electrochemical
potential. In metals, the most aggressive forms of corrosion are local in nature such that the attack occurs
primarily in pits, crevices, or cracks. The spatial separation of the anodic corrosion reaction within the
occluded region from the cathodic reaction results in a locally concentrated electrolyte at the anodic site
that is usually acidic owing to hydrolysis of cations. However, the very high, even saturated,
concentrations of hydrated ions in these regions means that the concentration of water is very low, and the
details of electrochemical reactions in such solutions are not well understood.

Occluded regions in glass are also critical in degradation processes. Reactions of water with glass result in
a nanoporous hydrated silica material, dubbed the passivating reactive interphase. Water contacting and
reacting with the unaltered glass must pass through the pores of the passivating reactive interphase for the
corrosion process to proceed. Because of the nature of the size and surface chemistry of the pores, the
chemistry and transport properties of the aqueous solution are significantly different than those of the
bulk solution. Understanding the chemical and physical conditions within the confined media is critical to
advance understanding of the mechanism of glass corrosion. For example, energy loss from inelastic
X-ray scattering can provide insight to the bonding and chemical structure of the atoms in confined spaces
and provide spectral fingerprints of constricted regions, such as pores in glass or pits in metals, and of the
associated confined solutions. Further, quasielastic neutron scattering has recently been used to analyze
water mobility in silica-based pore structures with varying chemistry and size (Figure 14). The results of
these experiments can be used to confirm molecular dynamic simulations of water with various ions in
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contact with silica-based pore structures (Figure 15). The molecular dynamic calculations can then extend
the experimental results to increasingly more realistic pore structures. Additional advances in
characterization and modeling, as described in the Transformative Research Capabilities section, are
needed to provide more information on these processes to fully understand the corrosive degradation of
materials.
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Figure 14. Quasielastic neutron scattering of functionalized nanopores. Reprinted with permission from
Matar Briman et al. (2012). Copyright 2012, American Chemical Society.
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Figure 15. Molecular dynamic simulation of water diffusion through constricted SiO; glass nanopores.

Adapted with permission from Bourg and Steefel (2012). Copyright 2012, American
Chemical Society.

A

Advanced modeling methods are also needed to elucidate conditions in constricted environments. For
example, density functional theory has been used to study the stabilization of single iron atoms in the
nanopores of an ultrathin silica film grown on molybdenum(112), and the results were validated with
scanning tunneling microscopy. The density functional theory results are shown in Figure 16, where the
local densities of states for different configurations are given.
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Figure 16. Results of a density functional theory calculation for iron atoms in two different binding sites
at the silica/molybdenum(112) interface and the effect on the local density of states. Adapted
with permission from Jerratsch et al. (2010). Copyright 2010, American Chemical Society.

Mechanisms of Materials Degradation in Harsh Environments

As stated previously, current knowledge of the full range of mechanisms that cause materials degradation
in harsh environments is sorely lacking. Without this information, it will not be possible to design
materials with the characteristics needed to meet the goals of EM’s mission. The ability to gain this
knowledge will be enabled by a new generation of characterization and computational tools that will
allow detailed insight into these chemical and physical processes. Many of these areas are covered in the
Transformative Research Capabilities section; however, examples specific to materials degradation are
briefly described here. . — N —

Recent studies using atom probe tomography, a
technique available at some of DOE’s nanoscience
research centers, have yielded composition of the
reacting glass interface at an unprecedented resolution
(Figure 17). In the figure, elemental distributions are
shown in each frame for oxygen, potassium, hydrogen,
boron, lithium, and sodium. The impact of corrosion
on the distribution of the various elements is clearly
evident.

Transformative modeling approaches must also be L iy 3
developed to provide the fundamental understanding of ! L3] el u] i i

materials degradation processes. As described Figure 17. Atom probe tomography studies of

previously, atomistic modeling techniques, such as waste glass corrosion front. Elements represented
density functional theory, are now developing the in each frame are identified at lower left corner.

ability to handle increasingly larger assemblies of Reprinted from Gin et al. (2013). Copyright
atoms, adsorbed species, and even solvent water 2013, with permission from Elsevier.

molecules. Such approaches will be essential to show

how aggressive and inhibiting species interact with surfaces in solution. Figure 18 is an example of the
results from a density functional theory calculation of a corroding interface. It shows a ternary alloy,
represented by red, black, and gray balls, in an aqueous chloride (yellow balls) solution. The structure of
the aqueous solvent and the locations of the adsorbed chloride ions are made evident in this image.
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Some other modeling techniques required for the study of
materials degradation are now emerging. For example,
combined quantum/classical density functional theory has
been used to account for short-range chemical forces and
many-body electrostatic and electrodynamic forces driving
the dissolution process. Seamless coupling of quantum and
classical density functional theory approaches within a
tightly coupled embedding multiscale framework has been
demonstrated by Sushko et al. (2015) in modeling the
oxidation of nickel alloys. These methods avoid the
traditional shortfalls of both small cell size and difficult
interpretation of kinetic data inherent in density functional
theory and the challenge of defining force fields and
representing true materials interactions inherent in
molecular dynamics. It is clear the capability for modeling
of materials degradation at interfaces is in its infancy, and
advances in algorithms, coupled with high-performance
computing that is available at DOE user facilities, should
provide considerable insight into the structures and
reaction pathways responsible for the degradation.

Figure 18. Results of a density functional
theory calculation of a corroding interface
of a ternary alloy, represented by larger red,
black, and grey spheres, in an aqueous
(hydrogen, small white; oxygen, small red)
chloride (yellow) solution. The structure of
the aqueous solvent and the locations of the
adsorbed chloride ions are made evident in
this image. Image courtesy of Taylor and
Marcus (2015).

In summary, degradation of materials is a major concern
for the remediation of waste sites due to the extreme
environments and can result in substantial schedule delays
and increased costs. The mechanisms of materials
degradation, ranging from alloys found in waste tanks and
waste processing equipment to glasses and ceramics used in waste forms, can vary widely depending on
the specific environment of the materials; these mechanisms are currently poorly understood. Elucidating
the fundamental chemical and physical processes responsible for materials degradation is a critical first
step required to enable development of new materials. Fundamental studies are needed to understand
radiation, chemical, and electrochemical processes at the molecular level and to scale these processes to
the meso- and macroscales. This research will be enabled by development of new characterization tools
capable of studying these materials under extreme conditions, combined with advanced modeling and
simulation algorithms that allow these processes to be understood and predicted across scales of time and
space.

Technology Impact

Environmental degradation of materials is a major concern for a wide range of technologies and
applications related to virtually every sector of the economy, including energy generation, storage, and
use; transportation; construction; and manufacturing. One of the greatest challenges to the safe and
reliable use of materials is avoiding unanticipated failures. This need is especially acute in systems that
are expected to last a long time (such as nuclear waste repositories) or systems for which operating life
extensions are desired (for example, nuclear power reactors). Designing new materials that are less likely
to fail and being able to reliably predict ultimate failure requires a comprehensive understanding of the
fundamental chemical and physical processes that underlie materials failure. The research described in
this PRD will enable development of a new generation of revolutionary materials to allow the safe
containment of EM wastes and have immediate impacts on safe handling of other nuclear wastes and
spent nuclear fuels. In addition, understanding corrosion mechanisms will support direct disposal of
DOE-owned spent nuclear fuel and will allow for safe operation of the separations and vitrification plants
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at EM sites during the required plant lifecycle. Further, the information gained from this fundamental
research will have a broad impact on a huge variety of other applications where robust materials are
required.
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MASTERING HIERARCHICAL STRUCTURES TO TAILOR
WASTE FORMS

Abstract

Successful completion of the EM cleanup process includes immobilization of radioactive and chemically
dangerous materials in a manner that reduces risk and is stable over a lifespan of many hundreds and even
thousands of years. To meet this requirement, a tailored waste form is needed that addresses the properties
of the waste material and the specific environment. This waste form should be designed with a structure
and chemistry that prevents release of specific atoms as the form interacts with the environment. Thus,
elucidating a set of scientific principles that guide the design and construction of waste forms from nano-
and mesoscale building blocks, termed hierarchical structures, will bring great benefit in the ability to
rapidly create the most functional, durable, and affordable waste forms. These hierarchical architectures
represent a construct that will span multidimensional structures across the necessary length and
timescales. The ability to create, control, and exploit these architectures is central to the basic science and
technology of performance-designed waste forms.

Scientific Challenges

EM wastes require the immobilization of more than 60 elements in varying concentrations, with
radionuclides exhibiting varying chemical and physical properties. Further, many of these species are
multivalent, changing within the waste forms under varying reduction-oxidation conditions. These
resulting waste forms represent an enormously complex chemical system that requires an integrated
theoretical and experimental approach spanning multiple scales to reveal fundamental properties that
ultimately affect durability and performance. To date, attempts to definitively and accurately determine
relationships among composition, structure, and property have been met with limited success.

Incorporation of waste constituents relies heavily on hierarchical structures in the waste form. The
number of sites for accommodation of species is immense, as are the possible pathways for transport
through the waste form networks. The structures range from atomistic scales, such as the basic unit cell of
the host atom and substitutional and defect sites, through mesoscale, including structures with second
phases and networks of grain or interphase boundaries. This simple description of hierarchical structures
is complicated by the rich chemical environment, which leads to the possibility of chemical segregation
and the time-dependent precipitation of new phases, some of which will remain amorphous in structure
but others will be crystalline. Thus, the resulting waste form material can be a highly complex,
multicomponent composite with widely varying chemistry from one region to the next that then evolves
over time. The ideal waste form would tailor structures to optimally contain critical constituent atoms and
maintain stability over time in the face of complicated changes due to temperature, pressure, environment,
and radiation.

Tailored control of waste form properties requires a fundamental understanding of the dependence of
complex materials properties, typically glasses and ceramics, on composition and structure. The ability to
design and control these novel materials across the wide spectrum of functionalities and environments is
only now emerging and will enable the following:

e New predictive models of structure and property relationships of multicomponent systems
e Mastery of the synthesis and assembly of the hierarchical structures to assure long-term durability

o Scientific basis to facilitate revolutionary approaches for cost-effective waste form preparation and
disposition.
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Understanding and controlling the structure at the atomistic scale and, eventually, the meso- and
continuum scales, are critical first steps in tailoring hierarchical architectures to dramatically improve
both waste form production and the resulting performance. The idea is presented in Figure 19 with an
example taken from the automotive industry. As an EM-related example, adequately representing the
short-range and medium-range order of waste glasses, and the heterogeneous, non-stoichiometric nature
of ceramic waste forms (including cementitious, geopolymer, and hydroceramic materials), must be
achieved to optimize control at the system level. Representing complex structures and compositions will
support obtaining the foundational knowledge to predict and control key phenomena and behaviors with
the ultimate goal of optimal waste form performance.
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Figure 19. Hierarchy from atomic to continuum in design. This example is from the automotive
industry. Traditional approaches focus on system optimization with limited knowledge of the
lower scale behavior. Developing scientific principles for waste immobilization that achieve
control at the quantum to continuum level will provide greater control of waste stability.
Image courtesy of GB Olson (McDowell and Olson 2008).

Research Directions
In this PRD, the following research areas are identified to understand the scientific principles that would
allow an optimized hierarchical design of waste forms for specific EM waste immobilization:

e Design and discovery of new material architectures with desired behaviors

o Flucidation of the atomic scale, microscale, and macroscale in complex waste form systems

o Extension of thermochemical, atomistic, and structural modeling to further understanding of
physicochemical properties.

These research areas will require a combination of modeling, simulation, and novel
experimentation/analyses to understand the composition, structure, and property relationships that allow
for the design of hierarchical waste forms.
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Design and Discovery of New Material Architectures with Desired Behaviors

Advances in synthesis and improved understanding of crystal chemistry for radionuclides could lead to
wholly new classes of materials with long-term durability that could be deployed as waste forms.
Advanced materials with tailored nanostructures and chemistry, such as nanoscale composites,
nanoclusters, and metal-organic frameworks and related structures, have the potential to be patterned
specifically to the waste form application

For example, self-assembled mesoporous materials offer considerable potential for combined
radionuclide separations and immobilization. The larger pore spaces and enormous surface areas offer the
possibility of incorporation of a wide range of chemical species into the pores. These revolutionary
materials are in contrast with conventional approaches employing glass and multiphase ceramic waste
forms that rely on atomic-scale incorporation of specific radionuclides into specific crystallographic sites
within a ceramic. The subsequent collapse of the structure, either by thermal or chemical treatments,
encapsulates the radionuclides. For instance, a silver-functionalized silicon dioxide aerogel with roughly
four times higher efficiency in iodine separation has been designed to generate a highly durable waste
form of silicon dioxide with nanoencapsulated silver iodine.

The development of new waste form materials will also be accelerated with the aid of modern
computational capabilities. Recently, simulations have been used to design a unique apatite mineral for
immobilizing of radioiodine that is stable in geologic disposal, contains high waste loading, and can be
fabricated using existing technologies (Figure 20) (Wang 2015).

c

Figure 20. Apatite mineral designed for immobilization of '?°I. This is an example of using modern
modeling tools to design a molecule that would retain not only a specific isotope of iodine,
but daughter atoms that are created as a result of radioactive decay. Image courtesy of
Jianwei Wang, Department of Geology and Geophysics, Louisiana State University (Wang
2015).

Basic Research Needs for Environmental Management 79



PRD: TAILORING WASTE FORMS

Elucidation of the Atomic Scale, Microscale, and Macroscale in Complex Waste

Form Systems

Understanding and correlating the multiscale performance of waste form materials is required to design
the complex systems needed to immobilize waste. A combination of state-of-the-art experimental and
computational techniques can offer new perspectives in the structure-property relationships of the atomic-
level structure of waste form materials, including order in disordered materials. This research direction

focuses on improving the ability to probe and characterize
complex systems with increasing fidelity.

Detailed understanding of the atomic structure of glasses is
critical for the tunability of their properties. Recent theory
originating in France (Calas et al. 2010) proposes that the
medium-range structure within complex glasses contributes
significantly to waste form performance and dictates how
low-solubility ions are incorporated into the glass structure.
Although this concept has been acknowledged, little or no
research has been conducted on the role of medium-range
order in US waste glasses. Short- or medium-range order is
difficult both to measure experimentally and to interpret
unambiguously; improvements in characterization capabilities
to remove this ambiguity are critical to establishing a
scientific base of knowledge for developing new waste form
materials and, importantly, predicting their performance.

Porosity and interfaces in cements, geopolymers, and
hydroceramics are major contributors to radionuclide release.
Moreover, these features are present at varying scales
(nanometer to millimeter) in these heterogeneous waste forms
and little is understood about which features dictate overall
performance. Therefore, new characterization approaches are
critically needed to elucidate these features in their three-
dimensional, time-varying nature.

Direct information on the local and medium-range atomic
environment can be obtained through total scattering
experiments combined with pair distribution function
analysis. A pair distribution function is obtained directly
through the Fourier transform of the total scattering structure
function. It essentially converts the representation from
reciprocal lattice space to real space by including the diffuse
scattering contributions that are omitted in traditional
diffraction experiments. Pair distribution function analysis can
be completed using both X-ray and neutron total scattering
experiments. The resolution of the pair distribution function is
dominated by the maximum value of Q used in the Fourier
transform. The pair distribution function can be refined to
extract bond distances, local coordination numbers, and
average bond angles; however, the chemical complexity of the
waste glasses will greatly challenge experimentation and
interpretation of results. Therefore, an improved ability to

Figure 21. Pore network evolvement in a
3-day-old cement paste (Gallucci et al.
2007). For a material with significant
porosity, the ability to control a
distribution of interconnected porosity
may be critical to ensuring no pathways
for release of material can occur through
the existing pores. The pores could also
be tailored to act as host sites for specific
atoms of concern (Calas et al. 2010).
Image courtesy of Pacific Northwest
National Laboratory.
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understand local structures and order, all in a dynamic environment where structures may be changing
due to temperature and radiation fields, is a critical scientific gap.

Recent advances in three-dimensional and in situ techniques have made it possible to assess different
types and origins of characteristic structure. The networking of glass structure in silicon dioxide has been
successfully imaged at atomic resolution using scanning probe microscopy (Lichtenstein et al. 2012).
Short-range order was quantitatively evaluated in an Fe-'®Al (that is, 82 atom % iron and 18 atom %
aluminum) alloy using atom probe tomography data and by calculation of the generalized
multicomponent short-range order parameters (Marceau et al. 2015). In situ transmission electron
microscopy can play an important role in dynamic studies of waste forms in extreme environments of
temperature, corrosion, and irradiation

Atomic packing and short- to medium-range order in metallic glasses have been studied by a combination
of X-ray diffraction, extended X-ray absorption fine structure spectroscopy, and reverse Monte Carlo
modeling (Sheng et al. 2006). Extended X-ray absorption fine structure is useful to obtain element-
specific local coordination information. X-ray absorption near-edge structure spectroscopy can also be
used to study the oxidation state in waste forms. X-ray tomography provides spatial distribution of pores,
revealing the pore structure in 3D in a nondestructive manner with a spatial resolution of a few microns.
For example, in Figure 21, porous structure in cement pastes can be visualized and measured by
synchrotron X-ray microtomography (Gallucci et al. 2007). Small pores in waste form materials can also
be characterized by X-ray or neutron scattering, as outlined in the Transformational Research
Capabilities section.

Extension of Thermochemical, Atomistic, and Structural Modeling to Further
Understanding of Physicochemical Properties

The ability to build a hierarchical system designed for optimal waste immobilization assumes a detailed
understanding of highly interactive, multicomponent systems, far beyond that which exists today. The
establishment of advanced atomistic and thermochemical models of glasses and ceramics offer
opportunities for new chemistries that could lead to new strategies for bottom-up synthesis of new
material architectures with tailored properties. New waste forms that can accommodate higher loading
and tolerate higher waste complexity, thermal stresses, and radiation-induced damage can be designed for
improved waste retention over geological timeframes. New and novel materials can also be structured to
match the waste stream and the intended disposal environment. This research direction focuses on
understanding the physicochemical properties including phase separation and crystallization of complex
glasses and ceramics.

An understanding of these architectures is required on at least three scales. The first is the atomic or
molecular scale, where bonding and local environment prevail (at the molecular scale, short- and
medium-range order predominates in glassy materials and long-range order dominates in crystalline waste
forms such as ceramics). The second is the microscale, where structural features such as interfaces are
important. The final scale is the mesoscale, where macro features such as porosity and surfaces contribute
to performance. The fact that many proposed waste forms are glasses or glass matrix composites, where
long-range order is frequently missing, complicates the ability to describe a set of hierarchical structures
upon which a waste form could be built.

As an example, polymerization representing short- and medium-range order in borosilicate glasses
(versus long-range order in crystalline solids) provides flexibility to atomically bind the wide variety of
waste constituents within the glass structure. Structural groups form the building blocks for waste glasses
and typically consist of tetrahedra of silicon, boron, aluminum, and iron, surrounded by four oxygen ions
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or boron trigonal units, surrounded by three oxygen ions. These
groups join together via bridging oxygen ions. Non-bridging
oxygen ions carry a negative charge and facilitate ionic bonding of
positively charged cations in the waste forms. The linkages create
medium-range order structural groups (depolymerized regions)
that can resemble sheet-like, chain-like, and monomer units, often
resulting in large cation-rich clusters in the glass. Recent
arguments have been made that these cation-rich clusters can lead
to channels in the glass that provide preferred pathways for water
transport. Insoluble species can also locate in these depolymerized
regions precluding incorporation into the glass structure (Figure
22). Therefore, control of the depolymerized regions could enable
maximum loading of these insoluble species in the glass. Melt
processing parameters such as viscosity are also related to the
polymerization/depolymerization characteristics of the glass

structure.

A key challenge in the study of materials without long-range order
is developing detailed atomistic models, which in turn impact
subsequent examination of properties. As opposed to crystals, in
which atomic coordinates can be reliably obtained from
experiments, this is not possible for glasses and other amorphous
systems. Approaches in which molecular dynamics are used to
anneal a collection of atoms to produce an atomic model of a glass
can provide some insight, but there is no guarantee that the
resulting structure represents the real material. This is even more
challenging as the chemical complexity is increased. Further,
understanding transport in these materials is particularly difficult.

... 4

Al d
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Figure 22. Schematic of a high
molybdenum-content high-level waste
glass depicting a molybdenum ion
located in a large depolymerized
region. This is an example of
controlling local structure through
polymerization as a means of creating
specific sites designed to hold a
specific atom, in this case
molybdenum. Reproduced with
permission from Calas et al. (2010).

Transport is governed by a continuum of activation energies, meaning approaches that treat the kinetics as
a series of infrequent events, such as accelerated molecular dynamics or kinetic Monte Carlo, often
cannot treat these systems. Thus, new approaches must be developed to both accurately determine the
structure of glass-like systems and assess kinetic pathways in these complex atomic networks.

Extending thermochemical and atomistic modeling approaches to complex glasses and heterogeneous
ceramic waste forms to reveal composition, structure, and property relationships are challenging
endeavors. However, success offers the exciting prospect to allow for “network engineering” of
hierarchical architectures that could provide game-changing implications to waste form development. For
example, glass structures that have a predominance of one type of network over another, eliminating
extended depolymerized structures in favor of monomer-type structures, will improve the overall

performance.

A fundamental question is how to develop structural models of waste form systems, while considering the
complex chemistries possible in these systems, to predict heterogeneities that may occur. Further, the
variation in local structure must be connected to the properties of the waste form, such as the ability to
immobilize certain chemical species. This requires an integrated modeling approach in which
thermochemical modeling is used to understand the high-level phase structure of the waste form as a
function of chemistry, focused on the heterogeneous large-scale phase structure of the material. This
must, however, be augmented by modeling, both at the atomistic level to determine local structure of the
waste form and at the ab initio level to examine how that local structure influences properties.
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For example, it is likely that atomistic potentials used to study glasses are not mature enough to accurately
capture the complex electronic structure that can occur in these atomic environments and one cannot rely
on atomistic simulations alone. Thus, ab initio methods can be used to understand the energetic stability
of species within the glass as well as determine the kinetic parameters associated with transport. Further,
these methods can be coupled in combined hybrid quantum/molecular mechanics that provide an
extended model, capturing the longer range atomic structure but with a central region treated with ab
initio methods that provides for chemical accuracy. Finally, mesoscale models that resolve the structure to
higher fidelity than possible with thermochemical approaches, but provide a higher level view than pure
atomistic methods, are necessary to assess the overall performance of the glass structure or allow for
accurate property modeling (for example, viscosity) of the heterogeneous structures. Ultimately, the
insight afforded by such studies can provide new pathways to enhancing the properties of glasses,
increasing their effectiveness to immobilize species and their overall chemical durability. Such mesoscale
models can also be developed to understand how the porosity and interface density in cementitious waste
forms govern the ability of the material to sequester radionuclides, providing a path for developing
improved materials.

Another important question relates to the surface structure of the waste form as this dictates not only how
the glass or ceramic interacts with the environment but how chemical species within the material might
experience pathways to escape into the environment. If the local coordination of cations in the bulk
dictates the solubility of species, the even more varied coordination on surfaces will determine surface
reactivity and the ability of the waste form to contain those species. Thus, there is a need to understand,
on the atomistic scale, the structure of these surfaces and how that structure dictates the overall interaction
with the environment to better predict—and prevent—radionuclide release. Bulk behavior alone is not
sufficient because the surface structure, particularly in porous materials, will ultimately dictate both the
interaction with the environment and the distribution of radionuclides within the waste form itself. If there
are strong segregation tendencies of species towards surfaces, they will enhance the probability of escape
and lead to overall performance degradation.

Technology Impact

This research direction would benefit the EM mission but also have broad effects within DOE and
beyond. Specifically, the research will provide new insight into the study of complex materials systems,
including the following:

e Pathways for the design and discovery of new material architectures with desired behaviors

e New atomistic and molecular representations of structure and relationships between that structure and
material properties at various length and timescales

o Fundamental predictive models developed to design and control properties of multicomponent
materials that do not exhibit long-range order.
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PREDICTIVE UNDERSTANDING OF SUBSURFACE SYSTEM
BEHAVIOR AND RESPONSE TO PERTURBATIONS

Abstract

Terrestrial system-scale contamination associated with EM wastes includes processes within and across
soil, vadose zone, groundwater, and hyporheic and riverine subsystems. Predicting the behavior of
subsurface systems is critical to developing methods to control and remediate subsurface contamination.
However, this is a particularly challenging task because these subsystems are extremely heterogeneous
and difficult to access. These systems involve multiphase flow regimes that commonly encompass
complex multicomponent fluid phases that can react with one another and with solid materials. Moreover,
many subsurface chemical processes are mediated by groups or communities of microorganisms that
work together in complex and poorly understood ways, and that are both responsive to and control
subsurface conditions. New approaches are needed to revolutionize the scientific understanding of how
biogeochemical processes are incorporated in models of contaminant migration, leading to more accurate
process-level predictions. To accomplish the overall goal of system predictability, a better
characterization of heterogeneities (physical, chemical, and biologic) and improved understanding of their
role in biogeochemical transformations that occur in response to perturbations are needed across a range
of scales. To be effectively employed in prediction, these improvements in observation and understanding
must be accompanied by computational advances that allow two-way coupling between processes and
between highly disparate spatial and temporal scales.

Scientific Challenge

Heterogeneous Spatial Properties and Temporal Perturbations in System
Behavior over a Continuum of Spatial Scales

The current understanding of subsurface biological, geochemical, and hydrological process coupling fails
to account for the role of heterogeneous spatial properties and temporal perturbations in driving both
short- and long-term system behaviors over a continuum of spatial scales. Spatial heterogeneity in
subsurface systems greatly influences fluid flow, material transport, and the contained microbial
ecosystem and the biogeochemical reactions they mediate (for example, Brusseau 1994). For
environmental management applications, challenging problems include the long-term persistence of
contaminants in subsurface environments and ineffective delivery of remedial agents to contaminated
zones. Both of these problems are influenced by multiscale spatial heterogeneity, in particular the
existence of a hierarchically structured network of pore spaces and fractures through which fluids and
dissolved or particulate components are transported. It is within this network that microbial communities
evolve and chemical reactions and transformations occur. The variable size and structure of solid phase
materials comprise a complex geometry that leads to the formation of advection-dominated preferential
fluid flow pathways in macropores coupled with diffusion-dominated low-flow domains, often termed
matrix regions. These features are common across diverse subsurface environments and typically link
across multiple spatial scales. Hierarchies of pore networks are ubiquitous in natural systems (Figure 23).
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Figure 23. Pores and fractures in subsurface materials exist across scales ranging from angstroms to
centimeters. Some of these pores are interconnected, creating a hierarchical network
spanning many orders of magnitude in spatial scale. Shales, for example, are dominated by
pores in micron and nanometer ranges often associated with phyllosilicates in the clay
matrix. Characterizing these pore structures and associated macropore advective domains
and integrating their controlling effects into improved reactive transport models is a major
research challenge. Image permissions: Top: Reprinted from Keller et al. (2013). Copyright
2013, with permission from Elsevier. Middle: Reprinted from Ahn and Peacor (1986).
Reproduced with kind permission of The Clay Minerals Society, publisher of Clays and Clay
Minerals.

Hierarchically structured pore networks, combined with heterogeneous properties of the solid materials
(that is, minerals, coatings, and organic matter of different grain size and physical association) lead to
strong local gradients in aqueous fluid composition and microenvironments. These porous media domains
are where microbial functions and biogeochemical conditions can differ greatly from bulk averages. Most
remedial technologies depend heavily on advective transport for time and cost effectiveness. For example,
pump-and-treat methods rely on advective removal of contaminants, and effective delivery of in situ
treatment reagents is primarily via advection. Fine-grained materials and small pores have relatively high
surface areas (per unit volume) that facilitate surface and bulk-phase reactions with contaminants (such as
sorption or precipitation) and reduce contaminant mobility. Therefore, contaminants that enter small
intergranular pores and fine-grained porous materials such as clays become resistant to remedial actions
through a combination of reduced accessibility to chemical reagents and slow diffusive transport.
Contaminants that are sequestered in these low-permeability domains tend to persist in the environment
over long timescales and are a major challenge for remediation.
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Overlaid on this multiscale heterogeneous spatial structure are temporal perturbations (transient effects)
that may drive important changes in the system. Temporal perturbations can be natural (such as floods,
droughts, and annual climatic variations) or anthropogenic (such as accidental release of waste into a
system or remedial actions), and in many cases, these perturbations serve as the dominant control on the
behavior of subsurface contaminants. These can impact a wide range of timescales; for example, mixing
groundwater and surface water within riverine hyporheic corridors is driven by river-stage fluctuations
over hours, months, and years.

Groundwater-river water exchange driven by river-stage [
fluctuations, in particular, may cause mixing of waters o
of diverse composition that can stimulate ]
biogeochemical reactions that are both temporally
variable (hot moments) and spatially variable (hot
spots). An example of this is shown in Figure 24, where
the mixing of Columbia River water (containing
relatively high dissolved organic carbon and low
dissolved nitrogen) with groundwater (containing low
dissolved organic carbon and high nitrate) relieves
nutrient limitations and creates localized zones (red hot
spots) of enhanced carbon respiration. These hot spots
may be further categorized as hot moments because the
river water intrusion that creates them is limited to 3 to
4 months annually when snowmelt occurs in the upper
Columbia River watershed. Additionally, the timing,
magnitude, and duration of their formation is climate
dependent, being influenced by winter mountain
snowfall, spring temperatures, and other related
variables. Such hot spots and hot moments can control Meters inland
the speciation and fluxes of redox-active contaminants

(such as technetium, uranium, chromium, and arsenic)

from groundwater to surface water, and play a Figure 24. Geophysical measurements sensitive
significant role in EM activities. Furthermore, the to groundwater salinity and well-water
changes in chemistry and redox state may drive a host ~ measurements of dissolved organic carbon
of different types of biogeochemical reactions. revealed localized regions of enhanced microbial
respiration (red) exist up to 200 m inland of the
Predictions of system response to natural and Columbia River shoreline during the spring high
anthropogenic perturbations are needed to guide river stage. The hot spots and moments result
effective and appropriate remedial actions, monitoring, from the superposition of groundwater-based
control, and attenuation, and to properly assess nitrogen and river-based carbon, as further
contamination-associated risks. Generally, such influenced by subsurface physical heterogeneities
predictions are needed at relatively large scales, both that control subsurface water flow pathways and
spatially and temporally. Robust and accurate fluxes. Image courtesy of John Zachara, Pacific
prediction (including accurate estimation of Northwest National Laboratory.

uncertainties) is currently limited by the following:

e Lack of understanding of small-scale processes, how they are coupled, and their large-scale
manifestation

e Lack of understanding of the relationship between timescales of transient perturbations and system
responses
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o Inability to characterize the subsurface environment with sufficient spatial and temporal resolution
and coverage

¢ Insufficient computational resources to simulate processes with high fidelity over the relevant space
and time domain.

As aresult, most application models employ coarse spatial and temporal resolutions, empirical process
representations, and fitted parameters—and consequently lack predictive capability.

Research Directions

Remediation of contaminated subsurface systems requires a thorough understanding of relevant
biogeochemical processes. Predictive capabilities for heterogeneous systems that span disparate temporal
and spatial scales are required to anticipate system response after perturbation. In addition, advancing
subsurface characterization by coupling computational capabilities with improved knowledge of
hydrogeochemical and biogeochemical transformations will revolutionize contaminant migration models.

Quantify Timescales of Transient-Forcing Events Relative to Response Kinetics

Contaminant transport typically operates over decades, or potentially centuries, being controlled by water
migration velocities in the vadose zone and groundwater. Pulsed perturbations that impact transport can
occur over much shorter periods (hours to days) and may include precipitation events causing subsurface
recharge, groundwater-surface water exchange driven by river-stage changes, and hydrologic
manipulation for remediation. Whether these forcings produce nonlinear or emergent long-term effects on
transport depends critically on the coupling of hydrologic, geochemical, and microbiologic processes
within both advection- and diffusion-dominated domains, the gradients that develop at their interfaces,
and the fluxes between them. If responses have long time constants, the system may be unresponsive; if
short, they may effectively reach equilibrium with the forcing. However, at intermediate response times,
disproportionately large and unpredictable behaviors may result at the system scale. Importantly, response
times for abiotic and biotic processes may differ within a given system, causing added complexity and
decidedly nonlinear behaviors.

Hydrogeochemical and subsurface microbiological research has recently advanced to the state that highly
challenging issues associated with transient conditions and the impacts of perturbation on heterogeneous
systems are now tractable. New research is needed to understand the response timescales of
biogeochemical and geochemical kinetic processes to dynamic hydrologic events at various time and
spatial scales. Experiments are needed to constrain boundary conditions and quantify key relationships
and variable dependencies in systems amenable to full physical, chemical, and microbiologic
characterization and controlled hydrologic manipulation under both water-saturated and unsaturated
conditions. Key to this is considering homogeneous, heterogeneous, and intact subsurface materials
exhibiting multiporosity regimes of differing characters. Additional keys lie in the applications of new
imaging methods for pore network analysis and molecular methods for functional analysis of
microorganisms and their changes. Understanding the dynamics of the biogeochemistry of extreme
subsurface environments involving radiation, high pH, and high ionic strength is an important research
area. Tightly coupled laboratory and field research is essential to investigate perturbation effects and
response times of both pristine and contaminated environments characterized by complex and
heterogeneous subsurface structures, physicochemical properties, and microbial communities, and where
hydrological events may be extreme, variable, and subject to annual changes.
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Advances in genomic sequencing technology and bioinformatics now allow the characterization of
subsurface microbial metabolic potential. There is a substantial need to integrate this genomic information
into models that account for the dynamic behavior of microbial communities in response to changing
environmental conditions. Substantial experimental research advances are also needed to measure the
properties of microbial communities in situ to understand their effect on contaminant fate and transport,
such as their role in redox transformations of metal ions.

New computational approaches must be developed to examine couplings between and across scales to
build a predictive capability of emergent behaviors resulting from nonlinear interactions and responses to
perturbations of different types and timescales. A key issue is to determine the reliability of the models
and the nature of the time-series data necessary to capture multiprocess responses for dynamic events.
How reliable are the models and how much data are needed to robustly establish the impacts of
perturbations and identify the causes of response? Well-instrumented experimental facilities, both in the
field and in the laboratory, paired with new in situ measurement and computational approaches, are
required to test and validate understanding and coupled process models (see the Transformative Research
Capabilities section).

Elucidate Process Interactions Occurring within Hierarchical Connected Pore
Structure

The inherent difficulty in predicting transport through geological materials is that they are highly variable
at scales ranging from meters to nanometers. Due to the extreme multiscale nature of reactive transport
(phenomena at the nanometer scale influencing transport at the kilometer scale), many processes are
necessarily approximated in simulations by effective parameters. The accuracy and robustness of these
approximations are questionable. This dictates the need to identify, improve, and/or develop the
methodologic “tool kit” to probe the volume under investigation for a range of physical, chemical, and
biogeochemical properties (such as density, bulk modulus, porosity, viscosity, permeability, saturation,
concentration, biomass, and reaction products). Part of the new challenge is to identify methodologies to
represent these properties at all scales to predict system performance after perturbation.

Predictions of plume and contaminant behavior require coupling characterization and process
understanding at finer scales with those determined from observations at borehole and greater scales. A
critical aspect of this scale connection is determining the intricacies of fluid flow pathways responsible
for water movement and solute transport. An essential research need is defining and quantifying a
hierarchy of pore types that range from inter- and intraparticle mineral-matrix pores, to organic matter
pores, to fracture pores that can host complex fluids and volatiles. Studies are needed to quantify these,
not just in terms of shape and size, but how they contribute to the overall fabric of the rock, its ability to
host microbial communities and transmit fluids, and the physical properties of the rock itself. The nature
of porosity in complex heterogeneous matrices can be interrogated within core samples using state-of-the-
art techniques available at DOE user facilities, such as electron microscopy and X-ray and neutron
scattering (Figure 25), coupled with more conventional approaches, such as petrophysics, mercury
porosimetry, and nuclear magnetic resonance spectroscopy.

The outer boundaries of low-permeability zones can function as interfaces between relatively fast-moving
water (in macropores) that is in chemical disequilibrium and slow-moving waters in matrix domains that
are in equilibrium with their mineral surroundings. The interchange of dissolved components between
these different water types is primarily controlled by diffusion. Chemical transformations and microbial
communities tend to be focused at these boundaries, but the nature and prevalence of these presumptive
interfacial zones are poorly known. Additionally, geochemical controls exerted by solid phase
components (surface reaction and/or precipitation or dissolution) may be spatially correlated with the
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heterogeneities owing to control by reactive surface area, porosity, mineral identity, and grain coatings.
Research to quantify the nature and distribution of these disparate multiscale phenomena, combined with
new multiscale simulation methods, would constitute a critical advance in the ability to predict the effect
of the heterogeneities on contaminant transport.
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Figure 25. Characterization methods used to determine porosity and pore size distribution. Image
courtesy of Lawrence M. Anovitz (modified from Anovitz and Cole 2015).

Information on larger scale advective-diffusive domain interactions can be gained through geophysical
interrogation, tracer tests, and geologically informed inference based, in part, on core assessment.
Improvement in these methods is critically needed to advance basic understanding of the subsurface
environment and the reliability of transport predictions from often incomplete data sets. To be useful,
such experimental methods must resolve heterogeneities at a scale much smaller than that of the
contaminant dispersal (<1 m) and must directly relate to parameters controlling contaminant transport,
such as permeability, porosity, mineralogy, surface geochemistry, and microbial biomass.
Characterization of the orientation and interconnectivity of high-permeability pathways, and their
positioning relative to less permeable matrix elements, is vital for EM applications given the importance
of less permeable zones to long-term contaminant sequestration and persistence.

Geophysical imaging may support new advances in understanding hydrological and biogeochemical
processes occurring in the subsurface. Traditional geophysical characterization methods employ surface-
based electrical currents and seismic energy. These methods provide indirect information about
subsurface geophysical property variability and require other information to estimate desired
hydrogeologic transport parameters. Over the past decade, subsurface characterization has been improved
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through the high resolution offered by cross-borehole tomography (Figure 26), newer methods such as
spectral-induced polarization and geophysical nuclear magnetic resonance spectroscopy, and
interpretational improvements resulting from petrophysical studies and joint inversion of geophysical,
hydrogeological, and geochemical data sets (for example, Binley et al. 2015; Rubin and Hubbard 2005).

Computational Methods for Adaptive Cross-Scale Coupling of Models to Describe
the Impacts of Transient Events on Long-Term Behavior

Subsurface system behavior is extremely complex, involving

multiphase flow regimes, chemical processes that are Pa— -
mediated by microbial communities, and interactions among | ;" :
fluids, dissolved constituents, and microbes within the oy o

subsurface minerals. These processes occur within and -
across many system compartments, including soils, vadose = :

zone, groundwater, and river systems, and play out over a W o 8
wide range of temporal and spatial scales. Developing ) Pachers ) _
approaches that can predict the influence of small-scale -
behavior on larger scale plume flow and transport behavior v b f .

is a significant challenge that must be tackled to advance Ry Lmning 4 =
EM’s mission. s

Developing approaches to predict the response of microbial High-ssohution .
communities to transient perturbations (including characTerizaticn ol

remediation treatments) and the associated influence on fractured rock
plume transport is especially important. As pointed out
previously, advances in genomic sequencing technology and
bioinformatics are now making it feasible to characterize
microbial metabolic potential in the subsurface across temporal
and spatial scales. Indeed, recent subsurface microbial diversity
and metabolic potential discoveries have changed the
comprehension of bacterial and archaeal branches. These
discoveries have also revealed that genomic information
obtained from diverse subsurface communities can provide ) )
critical information about biogeochemical processes that observation well placement. Working at a
impact the quality of groundwater and surface waters (see smaller scale, electrical resistance
Brown et al. 2015; Castelle et al. 2015; Hug et al. 2015a and tomogram captured extended geologic
2015b; Luef et al. 2015; Sharon et al. 2015). Developing features and hydrogeologic heterogeneity
approaches to tractably and accurately incorporate genomic and controlling flow and transport not evident
other types of information into plume-scale models, as needed ~ fTom core analyses. Image courtesy of

to predict the response of microbial community composition Judith Robinson from Robinson et al.

and function to perturbations and the resulting impact on plume (2015).

mobility, is a critical research challenge.

Figure 26. Three-dimensional cross-hole
electrical resistance tomogram of
fractured mudstone. The image reveals a
subsurface structure of alternating
conductive and resistive layers similar to
geologic layering observed in smaller
dimension cores retrieved during

It is increasingly recognized that the most challenging subsurface problems are not amenable to
traditional upscaling methods but require the two-way (up- and downscale) coupling of models with
fundamentally different mathematical representations of physics, chemistry, and biology (Scheibe et al.
2015). High-fidelity models, such as genome-resolved models, pore-scale simulations of flow and
reactive transport in porous media, have intensive computational requirements. Thus, it is necessary to
apply these methods judiciously. This is done by adaptively identifying conditions, corresponding to
model subdomains in space and/or time, under which high-fidelity simulations are required—or
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conversely less complex, reduced-order models can be used. In hierarchically structured subsurface
systems, traditional continuum-based reactive transport models may be coupled to pore-scale and even
molecular-scale simulations to reduce empiricism and increase model predictive capability. In the context
of predicting long-term impacts of system perturbations, it is necessary to consider multiscale and
multiresolution methods not only in a spatial sense, but also over variable temporal scales. Thus, advances
in computational approaches to couple scales using new concepts from applied mathematics need to be
developed, as outlined in the Transformative Research Capabilities section.

There is also a need for new hierarchical approaches to quantify model uncertainty. Each scale-specific
model has its associated uncertainties, both in terms of model form and parameterization. There is
currently little understanding of how uncertainties at one scale impact uncertainties at larger (or smaller)
scales (both in space and time). Approaches for quantifying the translation of uncertainty across scales are
needed to supplement single-scale uncertainty quantification methods.

Advanced simulators need to appropriately model microbial interactions with mineralogy as well as flow,
within the context of the structured subsurface environment and in the presence of transient perturbations.
For example, how do the rates of redox reaction change with community diversity and spatial position
relative to sources of perturbation? How can genomic data be incorporated into the simulation of reactive
flows? Do microbial communities need to be treated beyond a simple lumped reaction approach? How do
changes in a community affect reactivity under variable flows with different metabolites? How does
microbial growth couple with flow through biofilm development? How do all of these impact the fate of
contaminants? These questions represent the new frontier in subsurface transport prediction and urgently
need to be answered.

Technology Impacts

The research in this PRD will result in marked improvements in predicting the behaviors of complex
subsurface environments containing physical heterogeneities and dynamic, biogeochemically active
microbial communities. By focusing on multiscale aspects of subsurface reaction and transport, important
scientific insights and significantly improved models will be developed that realistically take into account
(1) operative fundamental biologic, chemical, and hydrologic mechanisms and processes; and

(2) meaningful pore and geologic structures that control contaminant behaviors and the function of
engineered remedial actions. The coupling of this fundamental knowledge with new concepts to model
the effects of microbial community function and physical and/or geologic heterogeneities will provide the
essential capability to describe and predict the emergent behaviors of subsurface systems and plumes that
have not previously been possible.

EM sites were perturbed through waste management or inadvertent materials releases. These initial
perturbations continue to be influenced by climatic events and anthropogenic management activities (such
as remediation) that create transient conditions of highly varied hydrologic impact and longevity.
Understanding the nature and trajectory of response of subsurface environments and their contained
microbial ecosystem to perturbations are vital to developing sustainable remediation systems for
persistent subsurface contaminants that are the norm for EM sites. Important impacts to EM are
anticipated in the following areas:

¢ Provide fundamental scientific insights to design suitable and cost- and time-effective remediation,
control, and attenuation strategies for persistent contaminants of varied physicochemical behaviors

e Establish metrics for more effective site monitoring and characterization that consider impacts of
transient events on system behavior and contaminant partitioning between aqueous and solid phases
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o FElucidate the impacts of perturbation and transient events on long-term plume evolution and
contaminant migration

e Improve conceptual models of contaminated sites to represent emergent effects of fundamental
microscale mechanisms at the system scale

e Develop multiscale, process-rich models for reactive transport predictions at the system scale that
robustly consider the impacts of dynamic microbial community function and spatially variable pore
and geologic attributes.

While targeted at EM mission needs, this research will provide important new knowledge about and
predictive models of subsurface systems relevant to multiple DOE missions including enhanced gas
extraction, carbon sequestration, and radioactive waste disposal. The research focuses on long-standing
unknowns regarding the subsurface environment, such as process response times to perturbations, the
functioning of discontinuous hierarchical pore or fracture systems, and causes of and numerical
approaches to describe kinetic behaviors of different phenomenology and timescales. In addition, new
insights and models will be developed that properly account for the profound influences of subsurface
microbiology on a wide variety of subsurface properties and functions. Collectively, insights will be
developed to allow control and manipulation of subsurface systems for the benefit of humankind.
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TRANSFORMATIVE RESEARCH CAPABILITIES

Introduction

During the course of the workshop, the members of the three technical panels identified six PRDs. Two
crosscutting themes emerged from these PRDs. First, the need to understand the many chemical and
physical characteristics of EM wastes that are required to design effective, efficient, and safe technologies
for waste processing and long-term storage, as well as environmental remediation. Second, the ability to
computationally model and thereby optimize the effectiveness of developed technologies, as well as
provide a means of predicting the behavior of wastes during processing and long-term storage.

Understanding the complex, multiscale systems associated with remediating waste sites will require new
characterization and monitoring techniques, as well as taking advantage of current techniques that have
generally not been applied to EM problems. This includes state-of-the-art resources available at DOE user
facilities, such as light and neutron sources, radiological user facilities, and nanoscience research centers
as well as other specialized facilities located at DOE’s national laboratories. Further, the complexity of
these waste systems demands multiple analytical techniques to acquire comprehensive insight into the
speciation, structure, and dynamics of the chemical systems. To take full advantage of these
multidimensional data sets will require new computational approaches to analyze and assimilate massive
amounts of data. These data will provide a basis upon which new computational approaches can be
formulated to model and even predict chemical and physical processes, from atomistic to macro- scales
and from fractions of a second to thousands of years. This information is critically needed to provide
holistic mastery of the chemical and physical processes from which will emerge a new generation of
enhanced waste processing approaches, new materials and robust forms for waste storage, and innovative
approaches for soil and groundwater remediation. This research will generate both new analytical
techniques for characterization and long-term monitoring of disposal sites and the environment, along
with powerful new computational tools for predicting environmental impacts. Together, these tools will
enable the research outlined in the PRDs to increase the efficiency and effectiveness of processes for
remediating EM’s waste sites, as well as assuring the long-term safety of disposed wastes and monitoring
the environment. These transformative research capabilities are detailed below.

Multidimensional Characterization of Extreme, Dynamic, and
Inaccessible Environments

Remediation and long-term monitoring of EM waste sites requires analytical tools and sensors capable of
characterizing physical, chemical, and biological processes that occur in highly heterogeneous
environments and across a wide range of time and space—from nanometers to kilometers and from
femtoseconds to centuries. These environments are exceptionally complex because of both their
heterogeneity and dynamic nature: each point must be described by the four dimensions of space and
time. Add to this a plethora of additional dimensions describing a myriad of chemical and physical
parameters. In total, this represents an immense amount of information to provide the optimum
approaches for processing, storing, and monitoring these wastes. Finally, the harsh environments and near
inaccessibility of the samples presents yet another dimension of complexity requiring special
consideration. Undoubtedly, the characterization of many of the wastes at EM sites is among the most
daunting challenges that must be addressed before EM can complete its mission. New approaches are
critical to provide chemical and physical insights into these complex systems, including new analytical
tools and sensors that can provide insight into these extreme, dynamic, and difficult-to-access
environments.
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Scientific Challenges for Multidimensional Characterization

Strategies for effective characterization of materials associated with EM waste sites need to address some
of the most complex chemistries and extreme environments ever considered. It is not sufficient to know
just the simple elemental composition of these wastes. Understanding the full range of chemicals in their
various forms and associated chemical and physical processes within the entirety of a waste system—
whether in storage tanks, waste forms, or the subsurface environment—is a critical first step before
effective, efficient, and safe remediation processes can be devised. Characterization approaches must be
developed to define vast arrays of chemical and physical parameters of these highly heterogeneous and
dynamic systems for a wide range of waste components, including aqueous solutes, clusters,
nanoparticles, sorbates, colloids, and precipitates. Further, as outlined in the panel reports, the many types
of interfaces involving these components have an enormous impact on the integrated behavior of waste
systems. Retention of radioactive species at the interfaces of tank solutions with particulates, if not fully
understood, could reduce the effectiveness of remediation processes. Further, understanding the processes
by which particles agglomerate could lead to design of processes that avoid clogging pipes.

Additional complications arise from the often inaccessibility of the waste environments. For example,
samples from highly radioactive waste tanks are extremely difficult (and expensive) to retrieve and
handle. Typically, these samples must be processed in specialized facilities, such as shielded hot cells that
are designed to control high radioactivity, and where the types of characterization tools can be limited. As
a result, data providing the full picture of the composition, structure, reactivity, and stratification of solid
and liquid contaminants in these tanks are currently limited. Similar issues stymie the comprehensive
characterization of samples from subsurface environments. In this case, samples must be acquired from
boreholes and, as in the case of waste tanks, are expensive and very difficult to obtain, contributing to a
scarcity of data. In both cases, ex situ characterization approaches are needed to provide the full range of
chemical and physical information required to characterize these heterogencous and dynamic systems.
These ex situ techniques must be highly sensitive to analyze small quantities of materials. Multimodal
analysis, using combinations of characterization tools, can maximize the information garnered from each
sample.

In situ characterization approaches could greatly reduce the need to obtain samples from these
inaccessible environments. For example, waste forms used to sequester hazardous radionuclides are
designed to be stored in inaccessible geologic repositories to prevent their release into the environment. It
is critically important to monitor the stability of these materials to assure the integrity of these stabilized
wastes over centuries. In addition, in situ techniques could provide unparalleled insight into the
heterogeneity and dynamics of chemical and physical processes that occur in waste tanks, waste forms,
and the subsurface, and could be used to monitor these processes on a continuous basis. However,
currently available in situ techniques are far more limited in the types of information provided compared
to ex situ, laboratory-based methods. In addition, extreme environments present an exceptional challenge
for in situ characterization. Devices must withstand extremes in radioactivity and harsh chemistry, which
cause degradation and failure. Remote characterization approaches are another alternative that could
circumvent both sampling and degradation issues. These approaches are particularly relevant to
subsurface characterization where information is needed over broad spatial and temporal regimes.
However, the data that can be obtained with remote analysis are currently even more limited than that
available with in situ techniques.

In summary, the full range of chemical, physical, and biological information needed to support the
remediation and monitoring of EM wastes is immense. New characterization and sensing approaches that
provide multiple dimensions of information on these highly complex, dynamic, and extreme
environments are critical for the efficient, effective, and safe remediation and long-term monitoring of the
EM sites. Sampling limitations arising from the inaccessible nature of these waste environments demand
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the development of innovative approaches for high-sensitivity, multimodal ex situ characterization
approaches that minimize the amount of required samples while maximizing obtained information. To
complement these laboratory-based techniques, new approaches are also needed for in situ
characterization methods and remote sensing to yield important information related to the heterogeneity
and dynamic nature of these wastes and provide a means of long-term monitoring.

Transformative Research Capabilities for Multidimensional Characterization

The optimum means of characterizing EM’s complex waste systems is to evaluate these systems in their
natural, in situ environment. Under these conditions, the full effects of components in the context of entire
systems can be assessed. However, the extreme environments of tanks and isolation of both waste forms
and the subsurface can make this type of direct analysis very difficult. One alternative to in situ analysis
for subsurface environments, including waste forms, is remote monitoring, which can be accomplished
with arrays of sensors or by aerial surveillance, for example. However, the types of information
obtainable from both in situ and remote analysis are currently limited. In contrast, ex situ experiments
using state-of-the-art analytical techniques can yield far more detailed information. The disadvantage of
ex situ approaches is that obtained information may be skewed when the sample is isolated from its
environment. EM’s mission requires all three analytical approaches to obtain the most information on
chemical and physical processes to develop wholly new approaches to waste processing and long-term
storage as well as environmental remediation and monitoring.

High-Sensitivity, High-Fidelity Ex Situ Characterization

To date, most highly radioactive samples have been characterized in specialized laboratories equipped to
handle high activity levels. As a result, characterization has been limited to a small set of techniques
dedicated to analysis of radioactive samples. Over the past decade, developments in nanoscience have
enabled new characterization techniques with unprecedented sensitivity and information collected. As
detection limits improve, it may be possible to analyze very small samples, such as materials adsorbed
onto nanoparticles or liquids in nano- or microfluidic channels. Limiting the sample size reduces the
quantity of radioactivity, making the samples suitable for study using state-of-the-art techniques. This
approach, for example, is used to examine radioactive materials in the DOE Office of Science
radiological annex of the Environmental Molecular Sciences Laboratory and DOE Office of Nuclear
Energy’s user facilities. To evaluate the effects of radiation structural integrity, materials irradiated with
neutrons at the High Flux Isotope Reactor can be reduced to a very small size with a focused ion beam.
This greatly reduces the activity of these samples, allowing them to be analyzed in conventional
laboratories with instrumentation such as aberration-corrected scanning transmission electron microscopy
and atom probe tomography to enable assessment of radiation damage. Similar approaches are required
for studying waste forms and other highly radioactive materials. For liquid samples, reducing sample
volume could provide the same type of improved sample handling capabilities. Further, nano- or
microfluidic devices could be developed to serve as part of an integrated platform for characterization. In
either case, reducing sample sizes can allow a wider variety of characterization techniques to be used.

Indeed, new analytical techniques, or combinations of techniques, make it possible to quantitatively
describe the three-dimensional structural, chemical, and mineralogical characteristics of complex waste
samples at length scales ranging from angstroms to centimeters (8 orders of magnitude). For instance,
atom probe tomography enables the exact three-dimensional reconstruction of the chemical and
morphological properties of tiny samples with true atomic-scale resolution. Similar information can be
obtained at the nanometer to micron scales using advanced scanning electron microscopy-based imaging
and novel approaches such as combined focused ion beam and time-of-flight secondary ion mass
spectrometry instruments (Kasel and Wirtz 2015).
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To probe structural, chemical, and mineralogical properties of such materials at the micron to centimeter
scales, advanced scattering methodologies are available at DOE user facilities, including X-ray light
sources and neutron sources. X-ray and neutron scattering and spectroscopic methods are highly
complementary, due to the modes of interaction of the beam with the sample. X-rays are highly sensitive
to the atomic numbers of atoms in the target, with sensitivity scaling with atomic number (z). This allows,
for example, X-rays to provide three-dimensional trace element mapping of intact specimens using X-ray
fluorescence microscopy. In contrast, neutrons interact solely with atomic nuclei, which have a far
smaller scattering cross-section than the electron clouds surrounding individual elements. This enables
neutron beams to penetrate far deeper into dense materials than an equivalent X-ray beam, and also
permits analysis of samples within vessels, such as high-pressure vessels that duplicate deep Earth
conditions. In addition, neutrons are more sensitive to hydrogen than X-rays.

This complementarity is illustrated in Figure 27. Small-angle X-ray and neutron scattering enabled the
detailed characterization of the distributions of particles and interfaces where the incident beam
encounters a scattering contrast, such as grain boundaries, chemical zoning, or empty versus fluid-filled
pores and fractures, at nanometer- to micron-scale resolution. This can be extended to larger length scales
by combining ultrasmall angle scattering and backscattered electron imaging. Two-dimensional
radiographic and three-dimensional tomographic imaging using X-ray and neutron beams can extend in
situ imaging to even longer scales, up to centimeters.
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Figure 27. Complementary information on the structure of porous materials. Neutron and X-ray small-
angle scattering provide complementary information on the structure of porous materials. In
combination with imaging, pore structures can be characterized from the nanometer to the
centimeter scale—7 orders of magnitude. Left: X-ray tomographic image of the pore
surfaces of a ~2 x 2 x 2 millimeter sample of Domengine Sandston (Anovitz and Franklin,
unpublished results). This provides a direct measure of fluid-accessible reactive surface area.
Depending on sample size, X-ray tomography can provide resolution down to ~30 nm and
very fast imaging rates. Neutron tomography provides lower spatial resolution, but it is able
to image larger sample sizes due to the high penetration depth of neutrons. Its sensitivity to
hydrogen and deuterium enables real-time imaging of fluid flow. Right: The effect of
organic solvent leaching on the pore structure of a sample of the Eagle Ford Shale, a tight
oil/gas shale from the gulf coast of Texas (Anovitz et al., unpublished results) obtained from
small-angle neutron scattering research at the Spallation Neutron Source at Oak Ridge
National Laboratory. Images courtesy of Oak Ridge National Laboratory.
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For techniques that rely on DOE’s photon- and neutron-based user facilities, the X-ray or neutron energy
is extremely important to achieve high values of momentum transfer (high Q) and ideally provide high
resolution over the entire Q range. New generation X-ray and neutron sources are coming on line or are
being planned that will deliver higher average brightness. These new capabilities will be essential for
studying EM materials such as waste forms. A new generation of optics and detectors must be developed
that will allow these beams to be focused, which will improve spatial resolution. For example, detectors
could be designed to reveal chemical composition and bonding in three dimensions and in real time,
making more efficient use of every X-ray and neutron produced by the source.

Recent advances in nanoscience have given rise to techniques that can be applied to samples associated
with EM wastes and can inspire a new generation of highly selective and information-rich
characterization tools. Optical spectroscopic techniques now make it possible to detect single molecules
(Walt 2012). For example, vibrational sum frequency generation microscopy now makes it possible to
characterize molecules attached to single nanoparticles and could be applied to understand the interaction
of various solutes with particulates formed in waste tanks.

State-of-the-art imaging using electron microscopy,
scanning tunneling microscopy, and atomic force
microscopy now makes it routine to visualize materials with
high sensitivity and high spatial resolution—nanometer and
even atomic resolution. Further, in situ imaging methods
now make it possible to study materials under realistic
conditions. One example is the adaptation of small
environmental electron microscopy cells with electron-
transparent silicon nitride windows that can hold a small
volume of electrolyte, an example of which is shown in
Figure 28 (Chee et al. 2015). Cells like these have been used
to probe battery systems, for example, but could shed
unique insight into atomic-scale corrosion processes, waste
forms, and others systems of interest to the EM mission.

Figure 28. Schematic of in situ liquid
transmission electron microscopy cell.
Reproduced from Chee et al. (2015) with
permission from the Royal Society of

However, many imaging techniques are limited with respect Chemistry.

to providing chemical information, and new modalities of imaging are needed to address this gap. For
example, photoinduced force microscopy provides spectroscopic information on materials with resolution
of less than 10 nm (Jahng et al. 2015). Further, emerging spatially resolved surface sampling and
ionization techniques coupled with mass spectrometry are enabling the direct elemental, molecular, and
macromolecular chemical characterization of interfaces (Lorenz et al. 2014). These and other
“hyphenated techniques” that combine different analytical capabilities provide the opportunity for
unprecedented chemical and functional characterization of materials and interfaces with little to no
sample preparation.

An additional gap in characterization techniques is encountered when studying systems far from
equilibrium. For example, current analytical techniques are limited in their ability to characterize
materials under extremes of radiation. In this situation, alpha-decay events result in collective processes
over femto- to nanosecond timeframes that drive the local atomic structure far from equilibrium. The
energetic helium particles lose their energy predominantly through inelastic interactions with electrons,
leading to local states of intense electronic excitation: a confined plasma-like state. Through electron-
phonon coupling, the excited electrons transfer their energy to atoms, which are rapidly heated, resulting
in nanoscale defect formation during fast quenching processes. There are no characterization tools to
monitor the atomic-scale structure during such highly transient events, which limits fully capturing the
defect-formation process. These highly localized defects are nonequilibrium regions evolving in materials
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over long timescales (from seconds to millennia) and interacting with each other during defect
accumulation in a radiation environment. While ion accelerator experiments are currently used to study
structural evolution of materials under intense irradiation and picosecond cascade damage processes are
being indirectly investigated by transmission electron microscopy with in situ ion irradiation at liquid
helium temperature, the long-term evolution of nonequilibrium states is inaccessible by current
experimental approaches. Computational modeling has the potential to provide insight across this
hierarchy of timescales from short-time processes inaccessible to current experimental probes (such as the
details of collision cascades) up to the geological timescales over which these materials evolve.

Information-Rich In Situ and Remote Characterization

Online characterization and remote monitoring techniques are often used for industrial process monitoring
and other applications where real-time measurement of various physical and chemical parameters is
required. These techniques can provide insight into physical parameters, such as temperature, flow, and
levels of particulates, and simple chemical measurements, such as monitoring of one or more chemical
component. A new generation of sensors and in situ characterization techniques are critically needed to
provide more detailed chemical and physical information in support of EM’s mission. First, the ability to
analyze and monitor EM wastes in real time without having to retrieve samples would be the ideal way to
obtain the most accurate assessment of the chemical and physical environment, including insight into
dynamic processes. Second, in situ analysis would circumvent difficulties with the heterogeneity of these
environments and obtaining representative samples. Finally, in situ and/or remote monitoring of waste
tanks and associated processes, waste forms, and the subsurface in real time could assess changing
chemical and physical parameters that impact the stability of these environments over time.

New approaches for real-time monitoring must provide as much chemical and physical information as
possible. For example, sensors could be designed to monitor multiple chemical components or parameters
simultaneously. Importantly, these monitoring devices must withstand the extreme environments
associated with EM wastes. While the requirements for in situ characterization and remote monitoring of
EM wastes are extremely challenging, development of these new capabilities could revolutionize
understanding of these dynamic and heterogeneous systems more completely and provide a means of
monitoring wastes and processes in real time.

New approaches are also needed for characterizing environmental systems over large spatial domains. For
example, injectable tracers could be used to image subsurface transport by standoff detection techniques
or unmanned aerial vehicles equipped with specialized instrumentation. Energy-harvesting microchip
sensors could be developed to autonomously sample geochemical and biological properties, or to perturb
the local environment and measure the response. For example, advances in high-throughput genome
sequencing combined with biogeochemical transport models to integrate this information could achieve
comprehensive, functional prediction of the metabolic spectrum of microorganisms. This could
profoundly affect the fate and transport of radionuclides in subsurface environments. It may be possible to
develop proteome microdevices that quantify and transmit information on enzyme activity for key
biogeochemical transformations occurring below the surface. This type of biomonitoring would be
especially sensitive to elucidate cryptic, high-flux reactions, where the chemical products of one reaction
are masked by a subsequent rapid abiotic or biotic reaction. Ultimately, the rapid and sensitive monitoring
of microorganism responses could yield continuous, aquifer-wide data to identify transient perturbations
impacting biogeochemical processes, distribution of hydraulic flow paths, and contaminant plume
migration.

In summary, achieving EM’s mission requires significant advances in all three types of analysis and
monitoring—ex situ, in situ, and remote. It is clear that current knowledge of the chemical and physical
parameters and processes occurring in tank wastes, waste forms, and the subsurface falls far short of what
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is needed to support the design of new technologies. Advances in characterization gained as part of this
research area will have a huge impact in other DOE applications that require high-sensitivity and high
information-content characterization tools. Close coupling with new computational tools is critical for
analyzing and simulating data, and can also provide predictive insight into the behavior of these wastes
during processing and storage.

Integrated Simulation and Data-Enabled Discovery

The complexity and inaccessibility of the EM waste systems present a daunting challenge for the
completion of the EM mission. First, to get a complete picture of the chemical and physical parameters
affecting these complex waste systems, many types of experimental measurements are needed, producing
a vast quantity of data that must be analyzed and assimilated. Second, the data may be extremely difficult
to obtain due to inaccessibility or the broad spatial and temporal scales that need to be bridged. In both
cases, a new generation of computational capabilities will be indispensable for complementing
characterization and monitoring techniques. Members on each of the workshop panels noted that an
integrated approach closely coupling experiment with data science and computational tools could
revolutionize the environmental management effort and provide enhanced insight into waste
characteristics. In addition, this coupled approach will support many other aspects of EM’s mission,
including scientific risk/failure analysis, compliance metrics, and long-term health and safety. Achieving
such a capability will require new theories and algorithms that fuse, extract, and analyze large,
heterogeneous, and incomplete data sets. This will dramatically enhance information content and provide
a holistic understanding of the interactions and transformations of contaminants from the molecular to the
system scale and from nanoseconds to centuries. At the same time, understanding the evolution of wastes
will require advanced modeling, simulation, informatics, and automated learning algorithms that
effectively use high-performance computing platforms to bridge these broad spatial and temporal scales.

Scientific Challenges for Integrated Simulation and Data-Enabled Discovery

The challenges to characterize, remediate, and monitor contaminated sites effectively on massive scales
require a new generation of computational approaches. Methods must be developed to extract the most
relevant information from vast and often incomplete data sets, including techniques that classify and
recognize subtle patterns in data that require further analysis. New computational methods and algorithms
are needed to bridge information from the molecular to the macroscale. A particular challenge will be
development of techniques to study processes far from equilibrium, such as those found in the extreme
conditions that exist in EM wastes. Also needed are techniques that can scale in size and complexity to
accurately represent, and even predict, a real system. In the context of these two broad scientific domains,
two major research areas were identified that cut across all of the panels:

e Data-enabled scientific discovery

e Advanced modeling and simulation with predictive capabilities.

Data-enabled discovery requires major enhancement of the current capabilities to fuse, extract, and
analyze data from a broad range of experimental techniques and computational simulations. Data fusion
requires disparate individual data sets, potentially of different dimensionality, sampling size, and
containing different attributes or variables, be integrated into a consistent, accurate, and useful
representation. Modeling and simulation techniques that take advantage of DOE’s extensive high-
performance computing resources are needed to more accurately describe the underlying chemistry and
physics of these complex waste systems and project these processes across broad length and timescales.
Currently, at the molecular to nanoscale, some techniques (such as statistical mechanical methods) are
naturally parallelized for use on modern high-performance computers. Others (such as electronic structure
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approaches) require significant development to effectively use internode parallelism, on-node parallelism
in terms of threads, and on-core parallelism in terms of vectorization. Thus, this new generation of
approaches must efficiently handle the full range of electronic structure, atomistic, coarse-grained, and
continuum modeling tasks.

In summary, new computational and data analytic approaches coupled with data validation and
verification are needed to extract, analyze, and assimilate information from the relevant data. These
developments, when closely coupled, present an enormous opportunity to revolutionize the understanding
of the highly complex environments of EM wastes and provide powerful new predictive capabilities. This
will allow scientists to identify unknown gaps in knowledge and develop more efficient processes and
safe, long-term disposal options.

Transformative Capabilities for Integrated Simulation and Data-Enabled
Discovery

The ongoing data explosion, initiated by advances in electronic communications and dissemination of
knowledge that began in the late 20™ century, continues to be a source of innovation among many
disciplines. As a result, mathematical approaches have been developed to analyze complex data sets;
however, none are directly relevant to the types of data that describe EM wastes. New analytical data
need to be generated to describe tank wastes, waste forms, and subsurface environments for the
completion of the EM mission. Generation of vast amounts of new data will necessitate the concomitant
development of computational techniques for assimilating and analyzing this data to devise improved
chemical processes and materials. Further, the development of next-generation modeling and simulation
capabilities, along with the emergence of exascale computing at DOE facilities, represent an
unprecedented opportunity for knowledge inference or discovery of complex and largely inaccessible
contaminated systems. These capabilities would enable a transition beyond the characterization of
isolated “parts” of a contaminated environment to a seamless understanding and prediction of integrated
system behavior.

Data-Enabled Scientific Discovery

Data that is currently produced from experiment and modeling represents many dimensions of
information—not only the four dimensions of space and time, but the associated chemical and physical
parameters at each point. However, the length and timescales and information content of these different
experimental measurements and computational simulation data are generally disparate; thus, it remains a
scientific challenge to effectively assimilate and gain useful information from the data. Methods for data
fusion are needed to circumvent the inherent challenges represented by EM wastes, namely the size,
heterogeneity, dynamics, and incompleteness of the data. Such methods can enable predictive models of
waste behavior in tank processes, waste forms, and in the subsurface. Further, data analytics approaches
applied to fused data sets have extraordinary promise for revealing unknown correlations of behavior and
transformation across broad time and length scales as well as the feedback and correlation of seemingly
unrelated phenomena and properties. The essential scientific challenge is to enable the development of
next-generation computational capabilities that are needed to assimilate and interrogate these data.
Coupled with new characterization and monitoring techniques, these new capabilities will enable data-
driven predictive science that will allow new technologies and processes for handling, disposing, and
monitoring wastes and supporting EM decisions.

A critical first step is to establish highly curated databases that collect, store, index, and disseminate large
volumes of unprocessed experimental data as well as distilled, first-principles data from simulations.
These databases will require data fusion approaches that assimilate, compare, and combine different types

102 Basic Research Needs for Environmental Management



TRANSFORMATIVE RESEARCH CAPABILITIES

of data on specific samples. Thus, this effort will represent a significant “big-data” problem that derives
from enhanced multidimensional data from ex situ experiments, in situ characterization, and remote
monitoring. It will also be important to develop mechanisms to link high-accuracy results to these
databases and make them available to the community in a timely manner. A perspective article provides
additional insight on how theory and experiments may be linked through big-deep data (Sumpter et al.
2015).

While these computational capabilities must necessarily begin with simple systems, approaches must be
developed to analyze and simulate (algorithmically and numerically) increasingly more complex systems
that represent EM waste environments. These capabilities are critical, for example, to guide the next steps
of a laboratory-based basic science experiment or make critical decisions based on field-acquired data.
Continued development of analysis algorithms and infrastructure for curating the collected data could
eventually involve machine learning techniques. These techniques enable computers to identify specific
features in data and algorithms to judge data in terms of quality and information content (unsupervised
and supervised learning).

Advanced Modeling and Simulation with Predictive Capabilities

Modeling and simulation could provide a framework that passes both equilibrium and dynamic
information across scales, potentially enabling rational design of new waste forms. A predictive
understanding of the atomistic- to micro- to macro-structural evolution of waste tanks accounting for
radiative environments and a seamless understanding of the interfacial processes in the geosphere that
will model plume flow into geologic timescales are also possible. However, significant advances are
needed to develop new software and algorithms to fully realize these capabilities. For example, new
approaches are needed to accurately address the complexities inherent in EM systems and discriminate
between closely competing processes. These new algorithms must also bridge length and timescales
necessary to assess materials features, such as domain walls, grain boundaries, and changes in
composition, structure, and dynamics. Currently used theory-based calculations lack a reliable accuracy
and cannot easily treat the multiple length and timescales required.

For example, the materials associated with EM waste forms are far more complicated than the simple
structures typically studied in small periodic unit cells by electronic structure calculations. They are also
subjected to extremes of radiation, which causes these materials to be far from equilibrium. Because
many of the critical reaction processes involved in materials irradiation occur at very short timescales and
continue over very long timescales, characterization tools are limited in providing critical insight. New
computational modeling techniques are needed to provide insight across these extremes of scale and
complement experimental techniques.

The large length and timescales, as well as finite temperatures, make even density functional theory
calculations for investigating materials under relevant conditions prohibitively expensive. Grain
boundaries, extended defects, and complex heterogeneities further complicate this issue. Improved model
fidelity needs to include uncertainty quantification, especially when embedded in a multiscale
model/simulation. However, uncertainty quantification approaches must be developed in close
collaboration with both the chemical and materials modeling and simulation communities as well as
experimentalists to set appropriate standards. In addition, there is a need to fully glean information
contained in experimental data for input into computational methods to predict and understand the
materials and chemical processes. This will require integrating data efficiently from different modalities
of characterization techniques to provide a more complete perspective on materials structure and function.

In the context of waste forms, prediction of materials properties and performance necessitates an
understanding of the interplay among energy transfer and accumulation (radiative environment), materials
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chemistry, external environment, and evolution of its structural and physical properties over time.
Addressing these issues requires an ability to connect molecular-scale details of the involved interactions
to the mesoscale behavior of the material. In addition, an understanding of the interplay between the
various processes is needed, which is predicated on the ability to provide sufficient accuracy in the
models and access the relevant energy, length, and timescales simultaneously. It would be highly
beneficial if a large number of structure-property relationships could be derived a priori based on first-
principles simulations.

Further, bulk and interface structures often play vital roles in the physical and chemical processes in
nearly every system described in this report. New functionality could be discovered through deep analysis
and modeling of the multiple interfaces and inherent gradients (structure and dynamics) across these into
the bulk. Interfaces exhibit properties associated with the nanoscale in one dimension and the macroscale
in others. This leads to unique physico-chemical characteristics and reactivity essential to the success of a
device or process. Reactive phenomena, such as redox reactivity, and solvent effects require accurate
quantum mechanical treatments that capture the localized nature of these processes while employing
realistic boundary conditions. It is necessary to move beyond cluster models from quantum chemistry as
representing interfaces and embed models in realistic electrostatic environments. This may include
quantum and molecular mechanic approaches and the development of enhanced embedding methods.

In terms of complexity, the multicomponent solutions in environmental management and waste
processing can often exhibit emergent behavior. Here, high ionic strength, extreme pH, complex
crystallization, precipitation and dissolution, microenvironments, and phase separation may be combined.
Advances in theory are required for techniques that provide information about the composition, diffusion,
and flow of solutes, gases, precipitation, dissolution of solids, and nucleation events in the complex
environments of waste forms, waste tanks, and the subsurface. Force-field development is a long-standing
challenge, particularly those transferable to complex solutions. Finally, interdisciplinary methods that
leverage information science are needed to elucidate correlating relationships between local and extended
structure and dynamics of complex solutions, enabling predictive theories for energy and mass transfer,
aggregation/phase phenomena that hinder the rational design of new catalysts, materials, and optimal
conditions. Thus, development of new computational capabilities for modeling and simulation is critical
to both interpreting data and predicting the behavior of materials and processes over broad temporal and
spatial scales.

Summary

The sheer complexity of EM wastes must be fully understood to provide effective, safe, and secure
long-term solutions for waste storage and environmental management. Successful characterization
approaches must take into account the enormous variations in contaminated materials; ongoing
chemical, physical, and even biological processes; and local geochemistry. These variations are
enormous and it is not currently possible to generalize data or conclusions between sites or even within
a site. Inside a specific system, such as a tank, waste form, or geologic formation, the material and
chemical properties differ enormously across temporal and spatial domains. The complexity is further
compounded by challenges associated with system inaccessibility, inhomogeneity, and extremely harsh
conditions.

Advanced computational tools are required to interpret and assimilate data to assist in the full
characterization of EM wastes and sites. Further, the behavior of the wastes during processing and in
long-term storage must be understood and modeled. The challenges associated with meeting the needs of
the EM mission require a unique blending of information that is large, highly disparate in spatiotemporal
scales, heterogeneous, and incomplete to successfully and effectively characterize, monitor, and
remediate contaminated sites on a massive scale.
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Characterization of chemical, biological, and physical processes, as well as materials science, have
advanced significantly in the past decade due to new capabilities available at DOE X-ray and neutron
sources, and advances in electron microscopy, scanning probes, chemical imaging, and spectroscopy. In
addition, the last decade had enormous advances in the power of computers—now approaching the
exascale—and development of codes that take advantage of new computing capabilities. These two major
areas of development, when closely coupled, present an enormous opportunity to revolutionize the
understanding of the highly complex environments of EM wastes and provide powerful new predictive
capabilities for design of disposal processes. The needs in this area are particularly challenging because of
the inaccessible nature of the subsurface and storage environments, the heterogeneous nature of waste
materials, and the need to estimate behavior for long timescales. The enormous magnitude and scope of
the EM mission lends a special urgency to develop next-generation characterization and computational
tools to meet this challenge.

The advances outlined in these research directions will provide the scientific foundation to predict the
behavior of inaccessible systems that extend to geological scales but are driven by nanoscale processes.
These capabilities will allow EM to confront complex systems with enhanced confidence and develop
new processing approaches to bridge empirical to highly robust treatments of dynamic systems. Many
energy-related applications involve materials and chemical processes operating in extreme environments
of irradiation, temperature, pressure, chemical corrosivity, or electric fields (Hemley et al. 2009); thus,
understanding extreme environments is critical to advance new energy technologies. The characterization
and modeling capabilities that will be developed for nuclear waste applications are directly applicable to a
broad range of energy research fields.
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SUMMARY

Over the past 25 years, the Office of Environmental Management (EM) has made significant progress in
remediating many of the legacy nuclear production and research sites that date back to the earliest days of
the atomic era. Completion of EM’s mission at the remaining sites represents a far greater challenge,
however. This is due to the extreme complexity and hazardous nature of materials present in high-level
radioactive waste storage tanks that must be processed and prepared for safe, effective long-term storage.
In addition, many of these sites have extensive subsurface contamination that must be addressed. As
outlined in a report by a task force of the Secretary of Energy’s Advisory Board (SEAB 2014), wholly
new technologies are needed to help EM complete its mission more efficiently and safely and in a timely,
cost-effective manner. The task force concluded that these advances will not be met by simple,
incremental changes in today’s technologies; rather fundamental science was needed to provide a
foundation upon which vastly improved technologies could be based. This workshop, Basic Research
Needs for Environmental Management, was tasked by the Office of Science to identify the most
promising fundamental research directions that could address current technology gaps in waste
processing, long-term storage, and subsurface contamination and provide the foundations for a new
generation of technologies to ensure that EM’s mission goals are met.

Many of the technical gaps identified before the workshop (as outlined in Appendix A) were centered on
a common theme of the systems under extreme conditions that we are currently unable to master and
exploit. For example, the environment inside high-level radioactive waste tanks represents conditions
very far from equilibrium that are responsible for driving unexpected chemical and physical processes. In
these dynamic systems, myriad metastable, transient components collectively lead to surprising behaviors
that are poorly understood. For example, radiation exposure over long periods of time causes a cascade of
events that can lead to failure of structural materials and waste forms and subsequent release of hazardous
materials into the environment. Our current understanding of these systems is based on much simpler
conditions that are at or near equilibrium, for example, they are changing very little over time. Thus, a
critical first step in understanding these dynamic systems is elucidating the full range of species and
processes that occur. Armed with this knowledge, it may be possible to control these processes and reduce
the complexity of the systems, resulting in more efficient and cost-effective remediation schemes for
waste handling and processing. This knowledge will also enable the design of new generations of robust
materials for waste processing and long-term storage.

Another common theme identified in the technical gaps was the need to understand the highly
heterogeneous nature of the wastes and the diverse interfaces involved, including tank waste solutions
with suspended particulates, contaminated groundwater with minerals, and corrosive solutions with tank
materials. Understanding these various interfaces, across broad spatial scales—from the atomic to system
levels—could have an enormous impact on EM’s mission. For example, the interaction of radionuclides
with subsurface particulates must be understood to develop models that predict the fate and transport of
these materials in the environment. Understanding chemical and physical processes that occur at
interfaces is critically needed to develop corrosion-resistant structural materials for waste processing and
durable waste form materials that can last for centuries. Understanding interfacial processes is also
critically important for the development of new separations schemes that could be used to prepare wastes
for long-term storage or cleanup of environmental contamination.

A third theme identified from the technical gaps was the lack of robust and resilient materials with
properties specifically designed for optimized performance. In the case of processing tank wastes, for
example, materials could be designed to remove targeted species selectively from the complex mixtures
in preparation for long-term storage. Similarly, waste forms could be designed to improve the storage of
hazardous materials and allow them to be stored safely for hundreds and thousands of years.
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The six Priority Research Directions identified by the workshop panelists reflect these three themes,
which represent some of today’s most challenging areas of science. Indeed, the recent report, Challenges
at the Frontier of Matter and Energy: Transformative Opportunities for Discovery Science (BESAC
2015), specifically calls out characterization and control of matter far from equilibrium and understanding
the role of heterogeneity and interfaces as two of the Grand Challenges for the scientific community.

Despite the enormity of the research challenges identified, the panelists were overwhelmingly confident
that now is the time to bring the broad capabilities of the Office of Science to bear on these research needs
for the EM mission. For example, the panelists noted that over the past decade, significant advances have
been made in understanding materials and chemical processes at the nanoscale. These advances have been
enabled with investments in basic research in nanoscience, materials science, and biogeochemistry,
especially with concomitant advances in high-performance computation and characterization tools. For
example, high-performance computing and associated modeling and simulation algorithms are making it
possible to model chemical and physical processes over increasingly larger time and length scales, which
is of high relevance to EM’s needs. These advances are also making it possible to design new materials
with specific functionality that could be used to design a new generation of materials for enhanced
separation processes. Further, new imaging tools can now study materials under realistic conditions,
allowing materials interfaces to be understood.

In addition, considerable progress has been made in mathematics, computational algorithms, and high-
performance computing over the past decade. These capabilities will enable the massive quantities of data
that will be generated from multidimensional characterization techniques to be analyzed and assimilated,
providing insight into the many chemical and physical processes that occur in these complex, dynamic
systems.

As the panelists summarized in the Transformational Research Capabilities section of this report, new
characterization and computational capabilities will be needed to fully address many of EM’s existing
technical gaps; many capabilities currently exist at US Department of Energy user facilities, including
nanoscale materials science research centers, radiological user facilities, X-ray and neutron sources, and
high-performance computation centers. However, few of these state-of-the-art capabilities have been
applied to the types of systems encountered at EM sites. Thus, there is an exceptional opportunity to take
advantage of these and other advances in basic science to address the identified technical gaps required to
meet EM’s mission needs.

The workshop panelists were also confident that the Office of Science represents the full range of
disciplines required to immediately begin to address these EM challenges, including chemistry, materials
science, geochemistry, actinide chemistry, biology, environmental science, and computational science,
among others. The Office of Science’s multidisciplinary approach is critically important to the success of
the research directions outlined in this report. The panelists also realized that these areas of basic research
would provide an outstanding opportunity to engage the next generation of scientists to conduct research
as part of these Priority Research Directions and to provide a pool of qualified people with expertise to
carry out environmental restoration at EM sites in the future. In addition, the panelists noted that this
research would provide underpinning knowledge that is broadly applicable to other areas of the

US Department of Energy’s mission, including separations methods for critical materials recovery and
isotope production, robust materials for advanced reactor and steam turbine designs, and new capabilities
for examining subsurface transport relevant to the water/energy nexus.

There is no doubt that the technical gaps addressed during the workshop represent some of the most
challenging areas in science today. However, at the close of the workshop, the panelists were confident
that these gaps could indeed be met with a sustained commitment to basic research. This research would
focus on understanding the multitude of chemical and physical processes that occur in these complex
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systems that are far from equilibrium and highly dynamic. The insights gained will provide critical
knowledge needed to devise wholly new approaches that will close today’s technology gaps that are
jeopardizing the successful completion of EM’s mission in a timely and cost-effective manner. It is
imperative to invest in fundamental science now to ensure EM’s success.
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Executive Summary

The US Department of Energy’s (DOE’s) Office of Environmental Management (EM) faces a cleanup
mission resulting from World War II and Cold War legacy that involves ~302 million liters of radioactive
waste stored in ~230 tanks, stabilization of more than 2,000 metric tons heavy metal of spent nuclear fuel,
miscellaneous wastes including 1,900 cesium and strontium capsules, and remediation of contaminated
environments that include 6.5 trillion liters of contaminated groundwater and 40 million cubic meters of
contaminated soil and debris (DOE 2015a).

EM estimates that addressing these problems will take at least 50 years and cost $300 billion or more. A
recent report by a task force for the Secretary of Energy’s Advisory Board (SEAB 2014) suggests that the
needed technologies to safely and effectively accomplish this mission will not be available. Consequently,
the SEAB task force recommended that DOE increase its investments in research and development
(R&D) to support the cleanup mission. One aspect of this increase is a fundamental research program
tailored to the EM mission that enables new knowledge and capabilities. This new knowledge should be
coupled with other investments such as a technology development program focused on improving the
efficiency and effectiveness of existing cleanup processes and a high-impact technology development
program that pursues technologies for processing radioactive wastes, generating waste forms, and
remediating the subsurface.

In response to the SEAB’s recommendation, DOE’s Office of Science will convene a workshop in July
2015 to engage the scientific community in defining research opportunities that can support EM’s mission
needs. At this workshop, scientists from the national laboratories, academia, industry, and other
organizations will discuss gaps in scientific knowledge that, if filled, could significantly advance
deployment of technologies for EM.

This Factual Document is written to prepare participants for the workshop. It provides an overview of
current cleanup challenges that EM faces and describes the current status of technologies available to
address these challenges. As requested by DOE, the focus of this document includes the following
technical areas:

o Waste stream characterization, transformation, and separation;
o Waste forms; and

o Contaminant fate and transport in geological environments.

For each of these technical areas, this document describes the technological challenge, current status of
the technology, and barriers to improved and accelerated cleanup.
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BACKGROUND

During World War II and the Cold War, the DOE and its predecessor agencies produced significant
quantities of materials for the nation's arsenal of nuclear weapons. This large-scale production involved
many processes that were conducted in multiple government-owned facilities distributed across the
United States. Processes included uranium mining and milling; uranium enrichment; fuel and target
fabrication; irradiation in nuclear reactors; chemical separations; production of uranium and plutonium
oxide, alloys, and other metallic products; and management of the wastes associated with these processes.
Because of the significant quantities of nuclear weapons materials generated for national defense, these
large-scale industrial activities produced a tremendous quantity of wastes in many forms. In addition,
there were intentional and accidental releases of radioactivity and hazardous materials to the environment.
When nuclear weapons production ceased in the late 1980s and early 1990s, the production facilities
owned by DOE were largely closed, resulting in a number of buildings and other structures requiring
deactivation and decommissioning. These activities added to the monumental quantity of wastes and
scrap materials resulting from the legacy of the Cold War. While at least 29 states were home to one or
more sites that made up the nationwide nuclear weapons complex (DOE 1997), the states that today are
left with the largest quantities of legacy materials and facilities are South Carolina (Savannah River Site),
Tennessee (Oak Ridge Reservation), and Washington (Hanford Site).

To attempt to address the mounting challenge presented by the legacy wastes, DOE created the Office of
Environmental Restoration and Waste Management in 1989. This office had four primary focus areas:

e Management of high-consequence nuclear materials and nuclear facilities, such as the nuclear
reactors and radiochemical reprocessing plants that were no longer needed for the production of
weapons-grade plutonium.

e Management of many different varieties and large volumes of waste, including highly radioactive
wastes stored in waste tanks, other intermediate and low-level radioactive wastes, and hazardous
wastes. In addition, this office was responsible for managing wastes generated from nuclear reactor
research and basic science projects as well as some waste generated by the commercial nuclear power
industry under certain circumstances.

e Restoration of sites contaminated from past industrial practices, including remediation of
contaminated soil, surface water, and groundwater; deactivation and decommissioning of surplus
process buildings, nuclear reactors, and chemical separation plants; and exhuming large quantities of
waste buried in belowground pits and cells.

e Technology development to support activities in the first three focuses areas.

At its inception, officials at the Office of Environmental Restoration and Waste Management recognized
that technology development would be essential to achieve its mission. Cleanup technologies for the
specialized environmental problems associated with radioactive contamination and other unique aspects
of DOE’s legacy wastes were quite limited. There were also limited treatment, processing, and disposal
technologies for the wide variety of nuclear waste materials. As such, DOE was driven to invest in
technological innovation. During the first decade of operation, R&D investments were greater than

5 percent of this office’s annual budget, as shown in Figure 1 (Rimando 2015).
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Figure 1. Historical EM Investment in Technology Development and Deployment. Image courtesy of
DOE (2015c).

These earlier investments resulted in development and deployment of technologies that enabled
significant progress in reducing the total environmental legacy from approximately 2003 to 2010. During
this time, EM shifted its emphasis towards site closure (i.e., completing cleanup at a particular facility)
and on footprint reduction (i.e., tactically completing cleanup within a particular facility to enable a
reduction of the overall legacy and DOE liability). After spending more than $150 billion, the cleanup of
91 of the 107 major sites has been completed. Much of this cleanup progress and many of the innovations
realized during this period were the direct result of R&D investments from 1989-2003, coupled with the
creativity of site contractors in their efforts to reduce costs and accelerate schedules. But many of these
sites were small and only slightly contaminated; the more difficult cleanup challenges still remain.
Furthermore, this shift in focus towards technology deployment reduced R&D investments for further
cleanup innovation to less than 1 percent by 2004 (see Figure 1).

Today, EM faces the cleanup of 16 remaining sites that present significantly greater difficulty and higher
risk than previously experienced. In fact, the remaining work represents some of the most complex and
technically challenging cleanup efforts in the world. This includes approximately 333 million liters of
radioactive wastes stored in tanks that must be stabilized by producing effective waste forms for eventual
disposal. Additional problems include the need to remediate large volumes of groundwater contaminated
with radionuclides and other hazardous constituents. Figure 2 is a breakdown of EM’s fiscal year 2015
enacted budget across its mission areas (Rimando 2015), which is an indication of its priorities. For this
year, 35 percent of the EM budget is for radioactive tank waste stabilization and disposition, which
reflects EM’s current highest priority mission area. Note that technology development and deployment is
funded at over $13 million as part of Program Management, which accounts for about 0.2 percent of the
total EM budget.
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Figure 2.  Distribution of Fiscal Year 2015 Budget ($5,681 Million) among EM Mission Areas. Image
courtesy of DOE (2015¢).

The scope of remaining technical challenges and their associated costs are indeed staggering. In
projections of future costs, DOE estimates approximately $200 billion will be needed over the next
decade to allow EM to comply with existing cleanup agreements and regulations (i.e., $20 billion per year
for the next 10 years). As shown in Figure 3 (Michalske 2014), if this funding were available, the cleanup
is projected to be completed around 2060. However, this funding level (sometimes referred to as the
“compliance budget”) is well above the average funding allocated to EM in recent years. Assuming a
more realistic EM funding level of $5-6 billion per year, DOE will likely face noncompliance to consent
orders and agreements governing cleanup. These scenarios will only increase costs further and delay
completion of cleanup.
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Figure 3. Projected EM Lifecycle Costs. Image courtesy of Advanced Research Project Agency for
Environmental Management.

This total increase in cost is primarily due to the necessity of maintaining aging infrastructure beyond
2060, which consumes an increasing fraction of the available funds, leaving less money for the actual
cleanup work. With a baseline budget of $6 billion per year, the incremental cost for completion of the
work might require cumulative expenditures in future years on the order of $300-335 billion and cleanup
would extend for many decades after 2060. Furthermore, because of the lack of investment in R&D, it is
not clear that the technologies needed to safely and effectively accomplish the cleanup will be available
(SEAB 2014).

In 2014, the Secretary of Energy formed a task force to investigate this situation and report
recommendations to enable EM to meet its cleanup obligations. The primary observation of the task force
is that current investment in R&D to support the EM mission is far too low (SEAB 2014). As noted
above, current EM investment technology development is approximately 0.2 percent of its total budget,
but successful completion of cleanup likely will require significant new technology. The task force
recommended that EM increase its investments to approximately 3 percent of its annual budget. Such an
investment would enable advances in science and technology and result in cost reductions, improved
safety, and more effective cleanup, and accelerate EM’s ability to accomplish its mission. Clearly, this
will serve the American public.

The task force further recommended that EM structure its R&D investments around three strategic
elements: (1) an incremental technology development program focused on improving the efficiency and
effectiveness of existing cleanup processes; (2) a high-impact technology development program that
pursues technologies that are outside the day-to-day program—targeting solutions with the promise of
breakthrough improvements; and (3) a fundamental research program tailored to the EM mission that
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enables new knowledge and capabilities and that can be brought to bear on the EM challenges. Without
such an investment, the task force concluded that EM will be unable to meet its commitments safely and
on schedule. The task force urged DOE to take immediate and specific actions to address the many
inherent technical risks and to execute the EM mission in a safe and efficient manner without further
delay and added costs.

To address the third strategic element recommended by the SEAB task force, the Office of Science is
planning a workshop for July 2015 to define basic research needs that can guide a fundamental research
program. To tailor the research needs towards the EM mission, scientists from the national laboratories,
academia, industry, and other organizations will gather at the workshop to discuss the current gaps in the
deployment of technologies. This Factual Document is written to prepare participants for the workshop; it
provides an overview of the current cleanup challenges that EM faces and describes the current status of
technologies available to address these challenges. As requested by DOE, the focus of this Factual
Document includes the following technical areas:

o Waste stream characterization, transformation, and separation;

o Waste forms; and

o Contaminant fate and transport in geological environments.
For each of these technical areas, this document describes the technological challenge, current status of
the technology, and barriers to improved cleanup efficacy and acceleration of cleanup. This document

does not suggest fundamental research that could reduce the barriers; instead, those recommendations and
suggestions for fundamental research to bridge the technology gaps will be developed at the workshop.
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WASTE STREAM CHARACTERIZATION, TRANSFORMATION,
AND SEPARATIONS

Background

EM has approximately 333 million liters of liquid waste stored in underground tanks. The current DOE
estimated cost for retrieval, treatment, and disposal of this waste is approximately half of the remaining
EM estimate of $187-223 billion to be spent over several decades. The highly radioactive portion of this
waste, located at the Savannah River and Hanford Sites, must be treated, immobilized, and prepared for
shipment to a waste repository.

EM has invested in excess of $15 billion to develop processes to treat the high-level wastes (HLW) at the
Savannah River and Hanford Sites. Currently, there are two operating treatment plants at the Savannah
River Site with one under construction. In addition, a complex of facilities is under construction to
process the tank waste at the Hanford Site. A brief summary of the facilities at these two sites is presented
below.

Defense Waste Processing Facility

The Defense Waste Processing Facility (DWPF) was designed and constructed to process the sludge
portion of the Savannah River Site HLW in preparation for vitrification. The sludge is the resultant slurry
produced when spent acid was neutralized during weapons material production. The sludge, while
comprising only about 10 percent of the volume in the tanks, contains about half of the radioactivity and
most of the long-lived radionuclides. Construction of DWPF began in late 1983, with full operations
initiated in March 1996. To complete its waste vitrification mission, DWPF is projected to produce
approximately 7,800 canisters. To date, DWPF has processed over 60 percent of the Savannah River Site
sludge inventory, equaling over 4,000 canisters of glass.

Actinide Removal Project/Modular Caustic-Side Solvent Extraction Unit

The Actinide Removal Project (ARP) is designed to remove radioactive contaminants, such as plutonium
and strontium, from radioactive salt solutions stored at the Savannah River Site. Monosodium titanate
(MST) is first added to the salt solutions and then radioactive contaminants that have absorbed on the
MST particulates are removed from solution by filtration. These radionuclide-containing MST
particulates are then transferred to DWPF for vitrification. The remaining filtered salt solution is then sent
to the Modular Caustic-Side Solvent Extraction Unit (MCU) for further processing. The MCU employs a
solvent extraction process to remove highly radioactive cesium from the salt waste solution stream. The
extracted cesium is sent to DWPF for vitrification. The remaining decontaminated salt waste solution is
transferred to the Saltstone Production Facility to be mixed with dry cement-like materials to form a grout
for onsite disposal in engineered vaults. These interim salt disposition efforts at the Savannah River Site
have successfully processed more than 18 million liters of salt waste.

Salt Waste Processing Facility

The Salt Waste Processing Facility (SWPF) is under construction at the Savannah River Site and is

designed to complete processing of the liquid fraction of the Site’s HLW. The SWPF will employ two
processes: the first will remove and concentrate radioactive strontium and the actinides using sorption
onto MST particulates, followed by filtration to form sludge; the second will strip the cesium from the
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bulk salt waste solutions using a calixerene-based solvent extraction process. The “sludge and strip”
effluent from the SWPF, containing concentrated strontium, actinides, and cesium wastes, will be sent to
DWPF for vitrification. The decontaminated salt solution that remains after removal of the highly
radioactive constituents will be sent to the Saltstone Processing Facility for immobilization in a grout
mixture and disposal in grout vaults at the Savannah River Site.

Waste Treatment and Immobilization Plant

The Waste Treatment and Immobilization Plant (WTP), which will be the world’s largest and most
complex radioactive waste treatment plant, will use vitrification to immobilize most of the Hanford Site
tank wastes. WTP will encompass three primary treatment processes: pretreatment, HLW vitrification,
and low-activity waste (LAW) vitrification. Pretreatment will separate the tank waste into two streams.
The bulk of the radioactivity is concentrated into an HLW stream, which will be immobilized in a
borosilicate glass waste form and transported for permanent disposal in a geologic repository to be
selected in the future. The LAW stream will also be immobilized in borosilicate glass. Both forms will be
stored.

Current Approaches to High-Level Radioactive Wastes

Waste tanks at Hanford and Savannah River Sites contain liquids and precipitated solids (sludge)
composed of a complex mixture of chemicals in extreme environments of high pH and high radioactivity.
Further, high-activity radionuclides are present in very low concentrations, presenting even more
challenges for effective separations of waste components. Finally, flammable, radiolytically generated
gases are found in both the headspace of the tanks and in the sludge at the bottom of the tanks. Therefore,
remediation of these tanks requires specialized system-level approaches for separating tanks contents in
preparation for long-term disposal. Before, during, and after processing these wastes, analytical
techniques are needed to identify and quantify the various chemical components. In the following
sections, current capabilities for tank waste processing, separations, and characterization are outlined.

Pretreatment of Tank Wastes

Tank wastes at both the Hanford and Savannah River Sites are initially separated into two waste streams:
HLW, which contains the bulk of the insoluble transuranic species (TRUs); and LAW, which contains the
bulk of the water-soluble materials. This initial solid-liquid separation step is followed by chemical
(caustic or oxidative) leaching and waste slurry washing of the HLW to remove aluminum, chromium,
and other nonradioactive materials that interfere in the subsequent vitrification process. Several variations
on separation processes are being evaluated for treatment of liquid HLW, including the integrated salt
disposition process, salt waste process, and small column ion-exchange process at the Savannah River
Site. Each of these processes has a solid-liquid separation process that limits its throughput.

Crossflow filtration is a key component of these pretreatment processes, as it produces clarified streams
for further processing by either ion exchange or solvent extraction. In these processes, the separation of
actinides from the clarified liquids is achieved simultaneously. Applications of crossflow filtration
include the West Valley Demonstration in New York, the Oak Ridge Radiochemical Engineering
Development Center, and the Savannah River Site ARP. At the Savannah River Site, this technique will
be used to process the majority of the supernate through either SWPF or ARP. Extensive testing of
crossflow filtration has been performed in support of planned use at WTP, including more than 10 actual
waste demonstrations and approximately quarter-scale pilot testing. All of these tests have demonstrated
that crossflow filtration produces clarified process streams suitable for treatment by ion exchange.
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One drawback of crossflow filtration is the fouling of the filter elements with solids. Fouling lowers filter
throughput and significantly impacts the efficiency and schedule of pretreatment operations. Techniques
to restore filter performance, such as cleaning or replacement, are limited by radiological exposure risks.
Further complicating the use of this filtration method is that the highly variable waste feeds hinder
assessment of the potential for fouling at the plant scale (Daniel et al. 2011; Geeting and Hallen 2005;
Herman et al. 2011; Nash et al. 2003; Russell et al. 2009; Shonewill et al. 2002).

Sludge Processing

Waste tanks at both the Savannah River and Hanford Sites contain significant quantities of HLW sludge.
Current approaches for treatment are optimized solely for the chemical separation of LAW components
from HLW solids without regard to the full range of physical and chemical properties of this complex
material. As a result, waste transfer, treatment, and other handling operations used to process tank wastes
are subject to reduced throughput and operational shutdown as a result of uncontrolled and unpredictable
phenomena, such as bulk waste rheology and agglomerate structure and density. Understanding these
various physical and chemical properties of waste sludge is needed to avoid impacts on sludge processing.

Radiochemical Separations

Separation of hazardous waste tank materials falls into two categories: radiochemical and bulk non-
radiochemical components. Two large-scale projects are underway to carry out radiochemical separation
processes at WTP and SWPF. The key pretreatment unit operations include radionuclide separations
("¥Cs, *°Sr, TRU elements) and removal of bulk nonradioactive components by washing and leaching
operations. Many methods for separation of these radionuclides have been explored and demonstrated
over the last 60 years. Specific requirements in terms of regulatory limits on LAW differ between the two
sites, as do the compositions of the waste. These differences have necessitated different separation
technologies for some radionuclides at each site. The following sections outline the various technologies
that have been demonstrated for cesium, strontium, and transuranic elements as well as *Tc.

Cesium Separation

The very high concentration of sodium as compared to the concentration of high-activity '*’Cs in HLW
requires separation approaches with a high selectivity for cesium to minimize the volume of the resulting
cesium-containing stream. In many cases, this problem is exacerbated (especially at the Hanford Site) by
relatively high potassium concentrations; achieving high cesium selectivity over potassium is even more
difficult than for sodium. In addition, the overall chemical composition and properties of HLW make for
an exceptionally challenging environment for many separations processes. In addition to the need for
separation approaches to be highly selective, they must also be stable under conditions of high alkalinity
and radiation.

The removal of cesium from alkaline wastes stored at Hanford and Savannah River Sites has been studied
for over 50 years (Schulz et al. 1987). A number of technologies have been considered for removing '*’Cs
from alkaline tank waste liquids, including precipitation, selective dissolution, crystallization, ion
exchange (both elutable and nonelutable), and solvent extraction.

Solvent extraction is the current preferred technology for cesium removal at the Savannah River Site,
while the Hanford Site is pursing elutable ion exchange. The Savannah River Site implemented a solvent
extraction process, known as caustic-side solvent extraction (CSSX) at MCU in 2008 (Brown 2010),
which could not originally handle the high concentrations of potassium found in Hanford Site wastes.
This facility was built as a pilot for the larger SWPF, currently under construction. The CSSX process
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was developed to remove '3’Cs from alkaline tank waste solutions (Bonnesen et al. 2000). The CSSX
process uses calix[4]arene-bis(4-tert-octylbenzo-crown-6), referred to as “BOBCalixC6,” as the
extractant. Because this molecule binds cesium ions far more strongly than sodium ions, it is able to
selectively extract cesium into the organic phase, thereby separating it from the other waste components
which remain in the aqueous phase. The CSSX solvent also contains a modifier, to improve the solubility
of the extractant, and tri-n-octylamine, which mitigates the effects of anionic impurities in the solvent
(Bonnesen et al. 2003). These components are dissolved in a hydrocarbon diluent (Isopar™ L from
ExxonMobil Chemical, Spring, Texas). The MCU design basis assumes the cesium decontamination
factor is at least 12; however, the seven extraction contactors routinely operate an order of magnitude
better.

Work has recently been performed to improve the CSSX process at the Savannah River Site and possibly
extend its application to Hanford Site. Researchers at Oak Ridge National Laboratory have developed a
new solvent system, known as Next-Generation Solvent (NGS), which was recently deployed in the MCU
process at the Savannah River Site, replacing the current CSSX system (see Figure 4, Moyer et al. 2011).
The NGS system uses a new extractant, 1,3-alt-25,27-bis(3,7-dimethyl-1-oxy)calix[4]arene-benzocrown-
6, referred to as “MAXCalix,” which has much higher solubility in the Isopar”™ L diluent, allowing it to be
deployed at a higher concentration in the solvent (Moyer et al. 2011). The increased solubility of the
extractant not only allows for higher cesium extraction, but also improved hydraulics, as the modifier
concentration can be decreased. Flowsheet design calculations with the data obtained from both simulant
and real waste testing showed that replacing the CSSX solvent with NGS in the current MCU equipment
configuration could raise the minimum decontamination factor to more than 40,000, with a likely
increased waste feed processing rate. The MCU has already begun operation using the NGS technology.

Y
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Figure 4. Next-Generation Solvent System (Moyer et al. 2013). Image courtesy of Oak Ridge National
Laboratory.

A variety of polymeric organic resins and inorganic ion-exchange materials have been evaluated for
removing '*’Cs from alkaline liquid wastes at the Hanford and Savannah River Sites (Bray et al. 1993 and
1995; Brown et al. 1996; Wester et al. 2003). During the initial design of WTP, cesium ion exchange
using SuperLig® 644 was selected as the baseline technology for removing '*’Cs from the LAW stream
(Kurath et al. 1999 and 2000). SuperLig® 644 is a proprietary material marketed by IBC Technologies
(American Fork, Utah). The SuperLig products consist of selective macrocyclic ligands covalently bound
to solid supports (Izatt et al. 1999). More recently, a spherical resorcinol-formaldehyde resin has been
selected to remove *’Cs from LAW at the Hanford Site (Fiskum et al. 2006a-c; Thorson 2008). The
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resorcinol-formaldehyde resin is a condensation polymer formed by reaction of the deprotonated form of
resorcinol with formaldehyde. After loading, the resin is eluted with dilute nitric acid to recover the
cesium; the resin can then be reused for multiple loading and elution cycles. Decontamination factors on
the order of 100,000 have been achieved in testing with this resin.

In contrast to the elutable organic resorcinol-formaldehyde resin, crystalline silicotitanate is a nonelutable
inorganic ion exchanger that displays remarkable selectivity for cesium in highly alkaline solutions with
high salt concentrations as well as from neutral and acidic solutions. Crystalline silicotitanate was
evaluated as a possible technology for cesium removal in the SWPF; however, solvent extraction was
eventually chosen as the preferred technology for this facility (Dimenna et al. 2001). More recently, this
technology has been examined for use in smaller, more modular designs (Walker et al. 2004). One system
that received consideration is known as small column ion exchange, which uses an ion-exchange column
placed inside a tank riser. Another in-riser deployment consists of pumps and rotary microfilters to
remove entrained solids and pump the retrieved waste through the ion-exchange column(s). A third
module consists of a grinder to reduce the particle size of the spent crystalline silicotitanate and render it
compatible with downstream processing when mixed with sludge being readied for vitrification.
Substituting the elutable spherical resorcinol-formaldehyde as the ion-exchange media has been
considered.

Strontium and Actinide Separations

For removing strontium and actinides from the Savannah River Site waste, MST, an inorganic sorbent
material (see Figure 5, Peters et al. 2010), has been selected. This material was first developed by
researchers at Sandia National Laboratories (Dosch 1978; Lynch et al. 1976). The synthesis was later
modified by researchers at Savanah River National Laboratory to optimize performance, producing
spherical particles with an average size of 1-10 microns (Hobbs et al. 2005; Peters et al. 2006). In 2001,
MST was selected as the strontium and actinide separation technology for SWPF; it was subsequently
selected for use in the ARP as well. The ARP facility was started up in conjunction with the MCU
facility. The ARP facility involves vigorous mixing MST with the waste in a batch contact process,
followed by crossflow filtration to remove the MST and any entrained sludge solids (Peters et al. 2010).
A peroxide-modified version of MST has shown increased kinetics for strontium and plutonium removal
over the MST. The peroxide-modified MST is prepared by treating the MST with hydrogen peroxide to
form a peroxotitanate (Nyman et al. 2006). This material is being considered as a possible replacement for
MST, allowing use of smaller quantities of sorbents and shorter contact times to achieve the same level of
decontamination.

T TR |

Figure 5. Photomicrograph of MST. Image courtesy of Hobbs et al. (2006). With permission of Wiley.
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The complexed species of strontium, plutonium, and americium present in Hanford Site wastes do not
readily sorb onto MST; therefore, a different separation method is required. In a process demonstrated for
separating the *°Sr and TRU components from the 241-AN-102 and 241-AN-107 wastes (Hallen et al.
2002; Nash et al. 2003; Wilmarth et al. 2001), *°Sr is removed by adding strontium nitrate to precipitate
strontium carbonate following a caustic adjustment step. This step is followed by adding a sodium
permanganate solution that forms a precipitate of manganese oxides or hydroxides. The TRU components
of the waste follow the precipitated manganese phase. The process has been optimized so that strontium
nitrate and permanganate addition are minimized with no added hydroxide or use of elevated
temperatures.

Technetium Separation

Technetium-99 is a long-lived radionuclide that is present in tank waste in both the sludge and supernate
phases. In most cases, the technetium is present in the supernatant as the pertechnetate ion (TcOy);
however, there has been varying amounts of a non-pertechnetate species identified in some Hanford Site
tank waste samples that has yet to be fully characterized. Because pertechnetate is extremely mobile in
the environment, its presence is often a key risk driver in performance assessments for waste form
disposals. Ion-exchange processes have been extensively explored for pertechnetate removal from HLW;
however, these technologies are ineffective at removing the non-pertechnetate species. DOE conducted
extensive testing of commercial and developmental ion-exchange materials for separating various
radionuclides from Hanford Site tank wastes; acceptable *Tc batch-distribution ratios were demonstrated
for a number of materials (Marsh et al. 1995).

The WTP project conducted extensive testing of SuperLig® 639 resin (Johnson et al. 2000). Laboratory-
scale and pilot-scale column tests were conducted using simulants and actual tank waste samples (King et
al. 2001; McCabe et al. 2000). Chemical and radiation stability testing of SuperLig® 639 resin has also
been conducted. These tests demonstrated that technetium could be effectively removed from most
Hanford Site HLW tanks; however, removal efficiency was poor for the tanks that contained high
concentrations of complexants and alternative removal and disposal technologies would be needed.

Separation of Bulk Nonradioactive Components

Dissolution of a number of nonradioactive components of HLW is essential to waste processing including
gibbsite, boehmite, chromium oxide/hydroxide, phosphate salts, and oxalate salts. Testing has been
performed to assess the dissolution kinetics of boehmite; however, this work has resulted in semi-
empirical models for boehmite dissolution and has not yet assessed gibbsite dissolution kinetics. A
limited amount of work has also been done on the dissolution kinetics of chromium phases.

Two of the most prevalent materials in the Hanford Site HLW sludge include aluminum and chromium.
Aluminum in the tank wastes is believed to be present in the two most common mineralogical phases:
gibbsite (monoclinic Al(OH);) and boehmite (orthorhombic AIOOH). Other aluminum-containing phases
present include bayerite, dawsonite, alumina silicate, and amorphous aluminum hydroxide. Studies on the
speciation of chromium in Hanford Site tank sludge have indicated that chromium exists both in its +3
and +6 oxidation states, with the ratio of chromium(VI) to chromium(III) varying greatly depending on
the sludge examined. Studies have shown that oxidative leaching of aluminum and chromium with
sodium permanganate is highly effective, with removals of greater than 95 percent achievable. In
previously washed sludge with large quantities of chromium, it was determined that chromium is
generally present either in a pure chromium-oxide phase or together with aluminum. In some waste tanks,
substantial iron and manganese appear to be mixed with the leachable aluminum and chromium. Despite
the possibility that chromium removal might be inhibited by the presence of these un-leachable metals
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passivating the particle surface and making the chromium in the bulk of the sample inaccessible to
oxidant, excellent removal of chromium was observed.

After the HLW is separated from the LAW liquid stream by ultrafiltration in the pretreatment facility, the
concentrated HLW sludge undergoes caustic and oxidative leaching processes to dissolve and remove
aluminum, chromium, and additional materials (phosphates and sulfates) that would otherwise limit HLW
loading in the glass waste form. The concentrated HLW solids are sequentially caustic leached, washed,
oxidatively leached, and washed once more during pretreatment. The caustic leaching dissolves the
aluminum in the HLW solids. The oxidative leaching uses sodium permanganate solution to oxidize the
chromium to Cr(VI) and dissolve it into a mild caustic solution. The HLW solids are concentrated after
each leaching and washing operation using crossflow filtration.

Gas Retention and Release

In addition to liquid and solid components, gases are present in waste tanks. Hydrogen gas produced by
radiolysis is a major concern due to its flammability and potential for explosion. Each waste tank at the
Hanford and Savannah River Sites is classified with respect to hydrogen (and other gases) generation
rates and purge ventilation is used to avoid buildup of flammable gases. Bubbles of hydrogen gas are also
retained in the radioactive waste slurries, and this potential for retention of hydrogen gas must also be
managed. The size of the bubbles is known to affect both the retention and release of hydrogen from
waste in underground storage tanks and in process vessels (Gauglitz and Terrones 2002). Figure 6 shows
the surface of a Savannah River Site sludge tank releasing trapped gas, with inset showing gas escaping
from the sludge.

Figure 6.  Surface of Sludge in Savannah River Site Tank with Inset Showing Gas Escaping from the
Sludge. Image courtesy of DOE Savannah River.

Previous studies have shown that the yield stress and particle size of the slurry are two important
parameters (Rassat et al. 1998) to the macroscopic properties regarding gas retention and release;
however, the microstructural properties affecting gas retention and release are still not well understood.
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These include particle wettability, surface tension, and parameters describing the behavior of the slurry in
particular the yield stress and strength. While studies have considered the quasistatic (slow) deformation
of bubbles in yield stress materials, the dynamic behavior at the microstructural level has not been
explored and could perhaps reveal how the gas bubbles are actually retained. For example, the rapid
release of gas bubbles via a bubble cascade mechanism is a poorly understood phenomenon that may be a
significant issue for future waste retrieval and mixing activities.

Characterization of High-Level Wastes and Associated Waste Streams

Before and during waste processing and for performance assessment certification before waste tank
closure and/or removal, HLW tank solutions and associated waste streams require extensive
characterization. However, characterization of the materials containing radioactive species is often
complicated because the analytes of interest are present at low concentrations in a complex matrix and
include species with long half-lives with lower energy modes of decay. With current technologies, a
significant number of steps are needed to concentrate the analytes and simplify the sample matrix to
improve both analyte identification and limits of detection. Today’s approaches for characterization in
support of waste processing and storage are complex and time consuming, adding significant costs and
time to waste remediation project schedules. Processes typically include conventional techniques such as
radioanalytical counting and inductively coupled mass and emission spectroscopies. All of these
techniques are sequentially performed in a radiological laboratory with few in-tank analyses performed.

For example, at the Savannah River Site analytical characterization is required for qualification of
processed sludge and salt before disposal, as well as for tank closure (Oji et al. 2012a, 2012b, and 2014).
As a result of the challenges outlined, analytical requirements can seriously impact the project’s critical
path. More daunting, however, is that the number of samples currently required for in-depth
characterization; at the Savannah River Site, it is quite small in comparison to the anticipated needs once
the SWPF begins full operation with the same challenge applying at the WTP. The estimated analytical
costs for the Hanford Site lifecycle are on the order of hundreds of millions of dollars, for example. Thus,
significant improvements in approaches and methods to support analytical characterization are critically
needed to meet future processing loads at the Hanford and Savannah River Sites as well as regulatory
requirements for disposal and disposition. Strategies and new concepts and technologies to understand,
optimize, scale, and accelerate tank wastes and associated materials could provide significant benefit to
DOE in the form of faster turnaround times, improved quality and accuracy, and significant reduction in
total analytical costs.

Summary of Technological Challenges

Technology challenges exist that could provide opportunities for enormous improvements to the
separation and characterization of waste tank materials.

o Improvements in separations processes. New approaches and materials for chelation, ion exchange,
and other separation methods are needed to make separations more selective and radiation tolerant.

o Scalable, efficient separations processes. Scalable processes need to be designed as a system rather
than a collection of sequential steps to improve efficiencies and reduce costs by bringing the solution
closer to the tank or by making processes more modular in nature. It may be possible, for example, to
simultaneously remove more than one target species, such as aluminum and chromium, in a single
step.

o New approaches for separating HLW and LAW. Today’s filtration devices used to separate liquids
from solids are prone to clogging and, once clogged, are difficult to remediate. New materials and
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architectures are needed for these filters to minimize clogging. This area could also include
fundamental studies to enhance retrieval and decontamination (either radioactive or chemical).

o Higher sensitivity, more efficient characterization techniques. Considerable time and costs are
associated with the characterization of waste materials due to the extensive sample preparation that is
required to concentrate materials before analysis. Approaches are needed to rapidly prepare and
characterize waste stream samples while maintaining high accuracy and precision. It would also be
important to minimize sample size to reduce radiation exposure. In-line sensors to monitor plant-scale
processes would also provide rapid feedback to operators of any operational issues.

¢ Improved understanding of process parameters. Rheology and speciation (e.g., agglomerate
structures) in pretreatment processes are poorly understood and improvements to this knowledge
could be used to increase efficiencies of separations and minimize down time. For example, methods
could be devised to stabilize/inhibit precipitation of partially soluble salts during processing and
prevent filters from clogging.
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WASTE FORMS

Background

Radioactive waste is converted into a form that is suitable for its subsequent transportation, storage, and
disposal. The resulting waste forms provide a barrier to releasing the radioactive and hazardous
components to the environment. Alternatively, such as in the case of some EM-owned spent fuel, the fuel
itself serves as the form for storage and eventual disposition. Technical challenges associated with waste
forms center around waste form chemistry and processing and the necessity to provide an acceptable
safety case to support storage and ultimate disposition. The current state of EM’s waste form development
efforts and challenges are captured in the following sections.

Current Approaches for Radioactive Waste Forms

Vitrification and Glass Chemistry

Waste immobilization challenges at the Hanford Site include the efficient processing of HLW and LAW
into glass, the need for additional capacity for the LAW stream, and the incorporation of key chemical
components into the melt and glass during vitrification. The throughput of waste at any of the potentially
four vitrification plants (WTP at the Hanford Site, DWPF at the Savannah River Site, and secondary
LAW plants) is determined by the following relationship:

Throughput =~ waste loading in glass x melting rate X the plant availability
This throughput rate must be increased to shorten the cleanup schedule and reduce lifecycle costs.

Constraints that limit waste loading in glass are associated with processing concerns and waste form
qualification requirements (Kim et al. 2011). Overly conservative constraints are the result of a lack of
information on the effect of waste and glass composition on melter operational parameters (McCloy and
Vienna 2010). Therefore, increasing the efficiency and lowering the risk of HLW and LAW processing
will require improved scientific understanding of the materials and processes that impact waste
vitrification.

Solving these challenges requires improved understanding related to physical and chemical behavior of
melter feed, molten glass, solid glass, and the transitions between these states. A schematic of a melter is
provided in Figure 7. The five key areas of interest are (1) melting processes and rates, (2) technetium
volatility during vitrification, (3) molten salt accumulation during glass fabrication, (4) crystallization and
crystal accumulation during glass fabrication, and (5) crystallization during glass cooling in the canister
and durability of the final waste form.

Technology and Applied R&D Needs for Environmental Management A.17



APPENDIX A - TECHNOLOGY AND APPLIED R&D NEEDS
FOR ENVIRONMENTAL MANAGEMENT

- Slurry feed

Bubbler Off-gas port

Potential salt Primary foam

layer (sulfate) Secondary foam
Electrodes
Air bubbles
from bubbler
Glass discharge port Natural convection current

Figure 7.  Cross Section of Cold-Cap Melting in Joule-Heated Melter (Kim et al. 2012). Image
courtesy of Pacific Northwest National Laboratory.

Melting Rate

The melting rate is subject to a complex dependency between waste feed composition and melter
operating parameters and can vary by over an order of magnitude for simulated Hanford Site HLW glass
melts (typically 180 to 3200 kg-m2-d™!). The HLW melter feed is slurry containing 40 to 60 wt% water.
This slurry is fed onto the top of a molten glass pool where it dries to form a cold cap. Inside the cold cap,
the dried feed is progressively heated and undergoes a series of reactions until it is ultimately converted
into silicate melt. The feed reactions form gas, liquid, and solid intermediate phases. While the gases are
released from the melter, they interact with the cold cap and may significantly impact reactions and heat
transfer. The total number of reactions is large with up to 60 chemical components in the melter feed;
however, a smaller number of reactions are believed to control the overall melter feed-to-glass conversion
rate. In addition to the rate of reactions, the heat transfer rate to and within the cold cap limits the glass
melting rate.

Technetium Volatility from the Melter

Roughly 1,500 kg of *’Tc are contained in the waste tanks at the Hanford Site. This technetium will
partition between the LAW (~90 percent) and HLW (~10 percent) melter feed (Serne et al. 2014). During
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normal melter operation, a fraction of the technetium is liberated to the gas stream primarily through cold-
cap reaction. Some technetium is liberated from the melt pool; the fraction liberated from the melt pool is
significantly higher during melter idling periods (Pegg 2015).

Although there is some uncertainty in the exact technetium-containing gaseous compounds responsible
for the volatility, it is generally believed, based on limited data, that alkali pertechnetates are the primary
gaseous species (e.g., [Cs,K,Na]TcOs). Approaches are needed to maximize technetium retention in glass
and minimize or eliminate the need for recycling the off-gas stream, which could greatly increase LAW
processing rates and resolve the technetium management challenge (Jenkins et al. 2012).

Salt Accumulation in the Melter

Melter feeds with excess concentrations of certain anions will form a salt that accumulates on the melt
surface. This salt contains primarily alkali- and alkaline-earth sulfates, chromates, pertechnetates, and
halides. The salt creates potential problems associated with melter operation including the following:

o Corrosion of melter components such as bubblers, thermowells, and refractories;
e Corrosion of off-gas components by increased volatility and condensation of salt components;
e Increased volatility of technetium and cesium through partitioning into salt; and

e Formation of water-soluble salt phases containing technetium and cesium in canister glass.

Waste glass melters, including those at the Savannah River and Hanford Sites, are operated in a way to
avoid salt accumulation. Avoiding salt formation in the melters is currently accomplished using
conservative empirical limits on sulfur (often tabulated as trioxide) and in some cases also chromium and
halides (Edwards et al. 2006; Kim and Vienna 2012; Vienna and Kim 2014).

Crystal Formation and Accumulation in the Melter

Crystal accumulation in a waste glass melter has been shown to clog the bottom drain, disrupt power to
the melter, or clog an airlift pour spout. The airlift pour spout is the riser pipe that begins at the glass
discharge spout indicated on Figure 7; however, it is not currently known how much of each type of
crystal can be tolerated in a melter without causing processing problems or limiting the melter lifetime. A
conservative limit on crystallinity was adopted by the DWPF that the liquidus temperature (Tr) must be
less than 1050°C to avoid any crystals (noble metals and their oxides excluded) in the melter (Edwards et
al. 2006; Fox et al. 2014). WTP has constrained the glass composition to produce less than 1 volume
percent of crystals at 950°C (Vienna and Kim 2014). These constraints, particularly in the spinel
([Fe,Mn,Zn,Ni][Cr,Fe,Mn,Al]>04) primary phase field, limit the loading of waste in glass without
significantly reducing the risk of problems caused by crystals in the melter. Meanwhile, it was clearly
shown by a combination of laboratory testing and melter modeling that crystal fraction and size are far
better predictors of potential melter failure caused by spinel buildup than T or T (Hrma et al. 2003). A
review of the WTP HLW melter design and operating strategy identified crystal accumulation in the pour-
spout riser as the most likely failure mode due to crystals.

Crystal Formation in the Canister and its Impact on Durability

If nepheline (ideally NaAlSiO4) precipitates from HLW glass during canister cooling, it can reduce the
chemical durability of the glass by removing aluminum and silicon from the residual glass at a 1:1:1 ratio
with sodium (Kim et al. 1995). It will also make it difficult to predict the product consistency test
response of the glass. Because the test response must be controlled and reported to meet current disposal
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criteria (DOE 1996), nepheline precipitation must either be avoided or the amount of nepheline formed
and its impact on the product consistency test must be predicted. Because canistered waste glass will be
subjected to a broad range of thermal histories, a simulated canister centerline cooling is used as a
bounding thermal history to determine the risk of nepheline formation. A nepheline discriminator was
developed and shown to successfully reduce the risk of nepheline precipitation in canister centerline
cooling of heat-treated waste glasses (Li et al. 1997). The nepheline discriminator is based on limiting the
normalized SiO; concentration (Ng;) as follows:

Ng =&sio, /':gSiOZ 8.0, +g1va20:|

to greater than 0.62 in the glass as shown in Figure 8. The behavior over time is dependent on glass
composition and leaching conditions (pH, temperature, solution composition, etc.) (Vienna and Kim
2014). The nepheline discriminator constraint is overly conservative, however. As can be seen in the plot,
several glasses with Ng; <0.62 do not form nepheline on slow cooling. The lower Ns; glasses are those
with the highest waste loadings, and therefore a less conservative method of limiting nepheline
precipitation is needed to both maintain acceptable glasses and allow higher waste loading.
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Figure 8. Nepheline Fraction in Canister Centerline Cooled HLW Glass Samples (Vienna and Kim
2014). Image courtesy of DOE Office of River Protection.

Long-Term Radionuclide Release

The primary function of the waste form is to provide a barrier to the release of radionuclides and other
hazardous components to the environment during storage, transportation, and disposal. Performance
expectations are controlled by regulatory, state, local, and stakeholder agreements. At least three forms
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requiring disposition are anticipated based on the current EM cleanup baseline: HLW glass, low-
temperature waste forms (e.g., cementitious), and spent nuclear fuel.

High-Level Waste Glasses

The intent of glass waste forms is to immobilize the radioactive and hazardous components present in
HLW for the extended periods associated with planned geological disposal. An extensive database along
with a general understanding of the physicochemical processes that control glass weathering in various
geologic disposal environments does exist (Van Iseghem et al. 2001). As glass reacts with water, several
processes occur: water diffusion; ion exchange between the solution and alkali ions in the glass;
hydrolysis of covalent and ionocovalent Si-O-M bonds; condensation of detached species from the glass
surface; and precipitation of crystalline phases from amorphous phases and soluble species (Gin et al.
2013). Composition of the glass and conditions near the glass surface dictate the dissolution behavior of
the glass. Depending on their relative solubility, the components of the glass (including the radionuclides)
can dissolve into solution, stay at the glass surface in a hydrated gel layer, or precipitate as crystalline
alteration phases. Under geologic disposal conditions, glass corrosion has been characterized by three
kinetic regimes or stages: [, an initial high rate; II, a residual relatively slow rate; and in some instances
111, an acceleration to relatively rapid corrosion after a period of slow rate (Van Iseghem et al. 2009).
Figure 9 depicts these stages of glass alteration under static or slow flowing conditions. The rate drop
coincides with the progressive saturation of the solution with respect to silica and/or the formation of
surface layers that impede further corrosion (Grambow 1985).
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Figure 9. Stages of Radioactive Waste Glass Corrosion. Image courtesy of Vienna et al. (2013). With
permission of Wiley.
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Low-Temperature Waste Forms

Low-temperature immobilization forms are applicable to a wide range of DOE waste streams, including
aqueous wastes (solutions and sludges), solid wastes, organic liquid wastes, debris, environmental wastes,
radioactive sources, and large volume disaster waste. Low-temperature waste forms have been
successfully used to produce final waste forms across the DOE complex and are also widely used
internationally (Spence and Shi 2005).

Currently, DOE is using low-temperature waste forms and engineered barriers as an effective means for
disposal of low-level wastes where assessments can be developed to validate waste form and disposal
system performance (Flach and Smith 2013; Langton and Dukes 1984).The decontaminated aqueous
waste stream resulting from pretreating HLW tank waste is classified as waste incidental to reprocessing,
which can be disposed of in a near-surface facility provided that the workers, public, and environment are
protected. Establishing the performance and predictability of low-temperature, low-level waste forms are
essential to demonstrating their suitability for disposal.

Waste Tank Closure and In Situ Decommissioning

The accepted process for closure of HLW tanks is to remove residual waste from the tanks using remote
processes (including mechanical and chemical methods) and stabilizing the tanks and immobilizing the
residual contaminants with grout. The waste tank closure process reduces risks to human health and the
environment by securing residual waste in the tanks, which minimizes the potential for groundwater
contamination (Thomas and Dickert 2013). EM has also been developing and implementing in-tank
decontamination strategies and technologies as an alternative to conventional deactivation and
decommissioning and disposal actions. The general steps begin with deactivation (radiological
characterization; removal of water, oils, and other hazardous liquids; and sealing lines and penetrations);
physical stabilization of the below-grade portion of the structure by filling with structural grout/concrete;
sealing structure openings; installing roof slab to prevent in-leakage (if necessary); and long-term
monitoring, surveillance, and maintenance of the remaining above-grade structure.

Specialized grouts have been formulated for entombment of high-activity waste tanks and deactivated
nuclear reactor facilities (Blankenship et al. 2012; Langton et al. 2007). The grouts used for entombment
are specifically formulated to ensure the grout can flow to level prior to hardening and with a lower pH to
minimize chemical reaction with structural components. The use of cement-based materials for long-term
disposition of facilities is supported by detailed performance assessments.

Spent Nuclear Fuel

Currently, EM manages approximately 2,400 metric tons of heavy metal (MTHM) of spent nuclear fuel,
including approximately 2,130 MTHM at the Hanford Site and about 30 MTHM at the Savannah River
Site (DOE 2015b). This fuel is production reactor and research reactor fuel of a multitude of designs (fuel
core, cladding, geometry), including repatriated US-origin and certain non-US-origin enriched uranium
fuel and US domestic reactor fuel of various enrichments. An alternative to reprocessing this fuel is to
directly dispose of it permanently in a geologic repository. That is, the fuel itself is the waste form in a
disposal setting. The fuel would likely be placed in a canister or other packaging to facilitate handling.

In establishing spent nuclear fuel as a waste form, two fundamental sets of information are needed to
define the waste form: (1) the radionuclide inventory and (2) the spent fuel characteristics including its
release characteristics in a repository setting. The bulk of the radionuclide inventory is available or can be
calculated. With regards to release characteristics, DOE assumed uranium metal fuel to provide an upper
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bound to the corrosion/dissolution for the entire range of fuel core materials (both metals and oxides) with
congruent release of radionuclides (DOE 1999) as part of the Yucca Mountain repository license
application submitted in 2008.

Waste Form Performance Modeling

Before solid radioactive waste may be placed in a subsurface disposal facility, a license must be obtained.
Approval of the license is generally based on a performance assessment that determines the long-term
impacts of the disposal facility on public health and environmental resources (for an example, see DOE
2008a). A sound scientific basis must be developed for determining long-term release rates of
radionuclides from the radioactive waste forms for regulatory agencies and the public to accept the
performance assessment. The long-term performance of solid radioactive waste is measured by the release
rate of radionuclides into the environment, which in turn depends on corrosion or weathering rates of the
solid waste form, solubility of the components in the resulting solution, and transport of the soluble
components (and potentially colloids) in the subsurface. These rates strongly depend on the subsurface
temperature and flow of moisture through the disposal facility as well as the reactive surface area of these
solid materials. An effective performance assessment model is often some combination of a coupled
thermo-hydro-mechanical-chemical model with coupled processes. The reactions involved depend on the
characteristics of the solid matrix containing the radioactive waste, radionuclides of interest, and their
interaction with surrounding geologic materials.

Corrosion and Erosion of Tanks, Process Vessels, and Containers/Packages

Radioactive wastes and nuclear materials must be safely stored, processed, and transported until
permanent disposal. The physical, chemical, and radiological characteristics of the waste can make
containment challenging precluding a one-size-fits-all approach. Alteration of either the nuclear materials
or container materials under aging conditions, including interaction of the stored nuclear materials and
container materials, must be characterized and managed to ensure the following:

e Containment is maintained to avoid inadvertent release and contamination;
e Nuclear materials in the storage system can be handled; and

o Nuclear materials remain in a form as when first placed in storage to ensure planned
separations/waste form processing flow paths remain viable.

Attendant radiation from the nuclear materials can exacerbate challenges to the safe management system
(e.g., radiolysis generating oxidizing species or radiation induced embrittlement).

High-Level Waste Tanks

The tanks at the Hanford and Savannah River Sites are approaching or have surpassed their expected
service life. Several of the tanks at the Hanford Site are known or suspected of leaking radioactive waste
into the soil. Given the current rate of retrievals, these tanks will need to remain in service for several
more decades or alternatively new tanks will need to be constructed.

Currently, degradation mechanisms are managed through a rigorous corrosion control program that has
been in place for the last three decades (Subramanian et al. 2008). This corrosion control program was
developed from laboratory experiments and mitigates stress corrosion cracking, pitting, and general
corrosion. The corrosion control program is verified by an in-service inspection for the tanks. Statistical
methods have also been developed to understand the uncertainties associated with both the corrosion
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control program and the in-service inspection program (Hoffman et al. 2010). Additionally, as the waste
is being retrieved, situations occur that are outside the present corrosion control program envelope for
waste temperature and composition.

Process Piping and Vessels

Understanding the effect of erosion and corrosion in piping systems and vessels is of paramount concern,
especially where conditions make it impossible to repair/replace components and/or the anticipated
service life is long. Such conditions exist in the WTP black cells. Better understanding to predict
corrosion plus nondestructive measurement techniques are needed to provide data for design and in situ
monitoring. Currently, system monitoring does not provide the resolution necessary to adequately assess
the anticipated degradation.

Spent Fuel Storage

The interim storage of production reactor and research reactor fuel of a multitude of designs is being
performed at the Hanford Site, Savannah River Site, and Idaho National Laboratory. Both wet storage and
dry storage systems have been implemented, and the storage practices with their technical bases are
developed at the site level. Guidance for safe storage practices is drawn from the storage site experiences
and lessons learned, and from the international community through International Atomic Energy

Agency initiatives (IAEA 2012). Without end-state achievement through reprocessing or repository
disposal, de facto extended storage will be in effect for the fuel in dry storage at the Hanford Site, in wet
storage at the Savannah River Site, and in dry and wet storage at the Idaho Nuclear Technology and
Engineering Center. A need exists to maintain the facilities and continue to store the fuel to minimize its
degradation and enable availability of a full set of ultimate disposition options.

One example of a present interim storage configuration posing challenges to fuel alteration involves
sectioned fuel pieces in water-filled cans, nested within a water-filled vented overpack canister at the
Savannah River Site (Figure 10). The several galvanic couples in this configuration promote corrosion
and, although the fuel can be handled and contained within this overpack canister, fuel alteration with
time is unavoidable. To avoid restrictive fissile loading limits in some types of DOE spent nuclear fuel,
nuclear criticality control measures, including an advanced neutron absorber coupled with standardized
waste packages, were the baseline for disposal of DOE-managed spent nuclear fuel in the Yucca
Mountain license application. The neutron absorber was an alloy of gadolinium in a nickel-chromium-
molybdenum matrix. Gadolinium was chosen due to its high thermal neutron absorption cross section and
low solubility in the anticipated repository environment. While DOE spent nuclear fuel is currently safely
stored, extended surface storage periods of several hundred years would likely require repackaging.
Ideally the spent fuel would have to be packaged only once before disposal. All disposal scenarios,
including tuff (dense volcanic ash), granite, and salt, will likely require nuclear poisons for post-closure
criticality controls under fuel reconfiguration scenarios. Therefore, nuclear criticality control measures
remain the current reference configuration for disposal of DOE-managed spent nuclear fuel.
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Figure 10. Storage Canister in the Savannah River Site L Basin (SRNL 2011). Image courtesy of
Savannah River National Laboratory.

Waste Containers/Packages

Miscellaneous nuclear materials exist throughout the DOE complex that must be stored while waiting for
a decision on an appropriate disposition path or packaged to facilitate disposition. These materials include
accountable special nuclear materials, mixed waste streams (e.g., radioactive and hazardous constituents)
that require remote/special handling, classified components, activated metals, sealed sources, radioisotope
thermal generators, and other unique materials. These miscellaneous materials have been often referred to
as “challenging materials” within EM.

The nature of the materials will often indicate the potential for storage issues. For example, materials
containing appreciable concentrations of chlorides will increase the likelihood of storage container
corrosion. Also, high-heat materials such as the cesium/strontium capsules at the Hanford Site are
susceptible to swelling and/or phase changes as a result of changing storage conditions. Materials such as
Hanford Site K-Basin sludge will change form if placed in dry storage with the potential to liberate gas.

The DOE-STD-3013 container is currently used for storage of excess weapons-usable plutonium at the

Savannah River Site. A surveillance program is in place to validate that material stabilized and packaged
to meet the 3013 standard could be safely stored for 50 years. Nondestructive and destructive evaluation
on a representative sampling of the packages (determined statistically or using engineering judgement) is
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employed in the surveillance program. To date, no issues have been identified to preclude continued
storage; however, pitting corrosion has been observed on the convenience can and the inner can (Figure
11) (Dunn and Louthan 2010). Observations of the pitting behavior have launched a new focus on
determining whether such corrosion could credibly transition to stress corrosion cracking during storage
and ultimately impact the long-term integrity of the 3013 container.
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Figure 11. Inner Can Lid and Associated Pits (Dunn and Louthan 2010). Image courtesy of Savannah
River Nuclear Solutions.

Radiation Damage and Radiolysis Impacts

The effects of radiation on both the wastes and waste forms are of particular importance. One major
challenge is the identification and understanding of the mechanisms governing radioactive decay impacts
on corrosion of materials in contact with aqueous systems (Bredt et al. 2008). A second challenge is the
chemical and radiolytic hydrogen gas generation for TRU wastes. Understanding, preventing, and
mitigating gas-generation-associated flammable gas buildup during storage, transportation, and disposal is
a significant safety measure (Westbrook et al. 2015). A third challenge is the effects of radiation on the
storage tanks and on the tank contents (Bredt et al. 2008).

Radiation Damage in High-Level Waste Glass

Weber (2014) provides an excellent review of the radiation effects on HLW glass and points to a number
of ways that radiation effects glass performance. These include the following:

o Glass structure and solution composition could both be impacted by radioactivity;

e Beta-gamma radiation impacts on glass corrosion are primarily through radiolysis changing the
composition of solution (Eh, pH, and dissolved species concentrations); and

e Radiation damage in glass waste forms are dominated by the ballistic effects of alpha particles and
alpha nucleus recoil.

The rates of reaction will be most affected by the solution chemistry effects of radiolysis.
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The impacts of beta-gamma radiation on glass corrosion are primarily through radiolysis changing the
composition of solution (Eh, pH, and dissolved species concentrations) (Vienna et al. 2013). Physical
properties of the glass are primarily controlled by ballistic effects of alpha recoil damage. These impacts
can increase the stored energy of the glass, cause swelling or contraction of the glass by up to roughly

1 percent, and increase the glass fictive temperature. These effects are composition dependent and
saturate at doses of roughly 10'® a-decay/g (somewhat independent of dose rate). Examples of these
properties are shown in Figure 12. The mechanisms governing waste form dissolution will not change due
to decay or radiation. The rates of reaction will be most affected by solution chemistry effects of
radiolysis (Vienna et al. 2013).
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Figure 12. Impact of Cumulative Dose on Volume Change and Stored Energy. Reprinted from Procedia
Materials Science (Weber 2014). Copyright 2014, with permission from Elsevier.

Radiolysis and Gas Formation

The waste tanks generally have active ventilation systems to prevent buildup of flammable vapor gases,
such as hydrogen, which are produced by radiolysis of water. Radiolysis of solutions and dissolved
organic compounds also produce volatile nitrogen-containing compounds that can impact corrosion of the
tank headspace. Chemically derived volatile compounds can also be produced during the long storage
periods of the waste. These compounds can impact corrosion of the tank headspace and present safety
risks in tank farm operations. Examples of chemically derived volatile compounds include low-
molecular-weight organics (e.g., trimethylamine), organomercury compounds (e.g., dimethlylmercury),
and nitrogen compounds (e.g., ammonia and nitrous oxide). The formation and release of volatile organic
compounds increases the burden on the ventilation system to maintain a nonflammable composition in the
tank vapor space and reduce possible tank headspace corrosion. The organomercury compounds are
highly toxic and thus represent an increased concern for exposure to onsite and offsite personnel.

Alpha-bearing wastes are uniquely challenging for storage due to the radiolysis reactions caused by the
alpha-generating radionuclides in these wastes of widely varying composition. The alpha emitters can
cause radiolysis of any water and/or organic materials present in the waste, potentially leading to
hydrogen generation.

Combined Corrosion and Gas Generation

Understanding, preventing, and mitigating gas generation mechanisms and associated flammable gas
buildup concerns during storage and transportation is a significant safety concern during storage,
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treatment, and transportation. One example is the generation of gases in the Hanford Site K-Basin
sludges; another involves generation of hydrogen from spent aluminum-clad nuclear fuel assemblies
during in-core operation and wet storage post irradiation.

Radiation-Resistant Materials for Waste Processing, Handling, and Monitoring

Many materials are exposed to elevated levels of radiation during waste handling, processing, and
storage. For example, operations require equipment to move stored wastes including motorized vehicles
and robotic devices. These devices require the use of materials, including electronics and sensors that are
radiation resistant. In addition, radiation-resistant sensors are needed to monitor the storage facility.

Summary of Technological Challenges

e Improved understanding of the mechanisms that affect melter operation. The melter is a critical
component in vitrification involving many chemical and physical processes that must be understood.
For example, understanding technetium incorporation into or escape out of the glass melt during cold-
cap melting would allow new approaches to be developed for technetium sequestration. Similarly,
understanding sulfur trioxide solubility as a function of feed composition would allow for improved
waste loading. In-melter analyses of these processes are also needed to provide this improved
understanding. The ability to detect (and mitigate) spinel sludge within the melter would allow
operation closer to crystal tolerance limits.

o Enhanced loading of high-alumina wastes in glass. This requires insight into the effects of
composition and temperature history on the formation of nepheline and its associated impacts on the
chemical durability of nuclear waste glasses.

¢ Elucidation of the physical and chemical mechanisms responsible for degradation of waste
forms. This would catalyze the development of new waste forms able to stabilize radionuclides over
long time scales. Specific needs include stabilization of highly mobile radionuclides (e.g., tritium,
residual cesium, strontium) and long-lived isotopes (e.g., technetium, neptunium, iodine, and '*C).

e Improved models of long-term performance of waste forms. The myriad chemical and physical
factors involved in waste form performance makes the waste form stability particularly difficult to
predict. For example, for some glass systems, an acceleration resulting in rapid alteration is observed
after a period of low degradation rate. The ability to accurately predict if and when this behavior will
occur is needed.

e Robust methods for in-service characterization of tanks. The tank environment is extremely
challenging for reliable, long-term techniques for in-tank monitoring. In addition to the integrity of
the tank walls and bottom, capabilities are needed for characterizing the liquids (e.g., pH and
nitrate/nitrite), sludges, and gases (e.g., ammonia and hydrogen).

¢ Development of new tank and storage materials and radiation-resistant materials for devices
used to transport and monitor waste forms. New materials are needed that can withstand the
extremes (pH, corrosivity, reactivity, radiation, etc.) present in waste tanks, containers, pipes, and
other systems. Radiation-resistant materials are also needed for devices used to transport and monitor
waste materials within storage facilities.

e Improved understanding of radiolysis processes. This includes understanding the formation of
gases and other chemical species (especially organometallics) via radiolysis under various conditions
and the formation of aluminum compounds on the surface of aluminum-clad fuels.

¢ Improved understanding of long-term corrosion processes in spent nuclear fuel. In those
situations where spent nuclear fuel is not processed and disposed of directly, a better understanding of
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galvanic corrosion processes in the storage environments and their long-term effects on spent nuclear
fuel behavior are needed. In addition, new materials are needed to develop transportation and disposal
packages that mitigate nuclear criticality concerns.

o New material systems for direct disposal of spent nuclear fuel. Depending on regulations for a
future repository, disposal scenarios, including tuff (dense volcanic ash), granite, and salt, may
require neutron absorber materials (nuclear poisons) for post-closure criticality controls under fuel
reconfiguration scenarios. Improved understanding of radionuclide release behavior from specific
spent nuclear fuel would enable more informed repository performance assessment models to be
developed.
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CONTAMINANT FATE AND TRANSPORT IN GEOLOGICAL
ENVIRONMENTS

Background

Remaining EM cleanup activities will involve remediation of groundwater, soil, and sediments in highly
diverse environments that are contaminated with radionuclides, metals, and organic compounds, in some
cases present as complex mixtures. Contamination resulted from instances of intentional disposal to the
ground through injection wells, disposal pits, and settling ponds. A list of principal contaminants present
across the DOE complex is provided in Table 1.

Table 1. List of Principal Contaminants Present at DOE Sites*

Radionuclides Metals Dense Nonaqueous Phase Liquid
Plutonium Lead Trichloroethylene
Strontium-90 Chromium(VI) Dichloroethylene
Cesium-137 Mercury Tetrachloroethylene
Uranium (various isotopes) Zinc Perchloroethylene
Tritium Beryllium Chloroform
Thorium Arsenic Dichloromethane
Technetium Cadmium Polychlorinated biphenyls
Radium Copper —
Iodine-129 — —

* Hazen et al. 2008; Riley et al. 1992

Accidental spills and leaks from storage tanks and waste transfer lines also contributed to the
contamination.

In some cases, little is known about the quantity of contaminants released, when they were released, or
the composition of the release, presenting significant uncertainty about the location and long-term
behavior of the contamination. Table 2 (NRC 2000) provides a brief synopsis of the geologic and
climatologic variability that exists at the three larger sites. These serve as an example for the conditions
present at various sites across the DOE complex. This broad range of climatic, ecologic, and
geohydrologic conditions makes it difficult to predict future fate and transport. Without the benefit of new
knowledge and technologies, this complexity makes site remediation and closure almost intractable.
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Table 2. Geologic and Climatologic Variability at DOE Sites with Significant Subsurface Cleanup

Needs
DOE Surface Approximate
. Climate Geology and Hydrogeology Water Depth to
Site
Body Groundwater
Humid. subtropical: average Atlantic Coastal Plain with clay soils.
> picat £ The strata are deeply dissected by creeks,  Savannah 0—-46m
SRS  annual rainfall 122 cm .
(48 in) and most groundwater eventually seeps River (0 —150 ft)
into and is diluted by creeks.
Humid, typical of the Valley and ridge province bordering the
ORR southern Appalachian Cumberland Plateau. Primary porosity is Clinch 6—-37m
region; average annual low but fracture porosity present. High River (20— 121 ft)
rainfall 138 cm (54.4 in) clay content. Shallow water table.
Arid, cool; mild winters and  Alluvial plain of bedded sediments with .
Columbia 60 —90 m
HS  warm summers; average sands and gravels. Groundwater flows

rainfall 16 cm (6.3 in) towards the Columbia River. River (197 -295 1)

HS = Hanford Site; ORR = Oak Ridge Reservation; SRS = Savannah River Site

Current Approaches for Subsurface Remediation and Monitoring

Over the last two decades, the key research and technology gaps that impeded advances in subsurface
cleanup have been identified in a variety of roadmaps, reviews, and other formal plans (DOE 1998, 2000,
2001, and 2008b; NRC 1996, 2000, NRC 2001, and 2009). These roadmaps, reviews, and plans were
used to describe science and technology gaps and the work needed to fill those gaps. For example, the
Groundwater/Vadose Integration Program Roadmap (DOE 1998) was created by the DOE Richland
Operations Office to focus research activities, specifically projects sponsored under the EM Science
Program, to address subsurface contamination issues at the Hanford Site. The document 4 National
Roadmap for Vadose Zone Science and Technology (DOE 2001) was used to highlight the importance of
understanding key processes that control the fate and transport of contaminants in the unsaturated zone. In
addition, the National Research Council reviewed the EM program’s intractable subsurface cleanup
challenge again and identified the science and technology gaps that impeded subsurface cleanup at DOE
sites (NRC 2000). These included the following:

e Gap 1: The behavior of contaminants in the subsurface is poorly understood.

e Gap 2: Site and contaminant source characteristics may limit the usefulness of EM baseline
subsurface remediation technologies.

¢ Gap 3: Long-term performance of trench caps, liners, and reactive barriers cannot be assessed with
current knowledge.

Finding solutions to the remaining subsurface problems will be the challenge facing DOE for the next
several decades. To address the remaining first-of-a-kind challenges at the Hanford Site, Savannah River
Site, and Oak Ridge Reservation—the larger and more complex sites, EM recognizes the need to place
additional emphasis on implementing science-, engineering-, and technology-based solutions to reduce
the technical risk and uncertainty in project execution (SEAB 2014). Many of the challenges that affect
the larger sites also plague closure efforts at smaller sites (Idaho, Paducah, Portsmouth, West Valley,
etc.). The following section provides a brief synopsis of the first-of-a-kind challenges that exist at the
larger EM sites.
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Characterization and Site Conceptual Models

Development and refinement of the conceptual site model (CSM) is key to achieving remedial action and
monitoring objectives. Integrated systems-based characterization approaches are closely interrelated with
the CSM. These are used to develop the CSM; continually test and refine the CSM throughout planning,
design, and remedy implementation; and respond to changes in the CSM by making subsequent changes
to the monitoring program.

Various Environmental Protection Agency guidance documents have been published that describe the
CSM (for example, EPA 1996 and 2011). Aspects of CSMs include the following:

e The CSM provides the “ability to efficiently access and interpret data [which] is essential to guiding
project teams through the entire cleanup process, from project planning to site completion. [The]
creation and revision of a CSM [is] a primary project planning and management tool” (EPA 2011).

e The CSM includes both qualitative and quantitative descriptions of site-specific information,
including the release and dispersal of the contaminant(s), relevant properties of the environment and
how contaminant(s) interact with the environment, contaminant fate and transport processes, and
potential routes of exposure and impacts of the contamination to plants, animals, and people. This
information is designed to support subsequent analyses, evaluations, and decisions, including remedy
selection and implementation and monitoring. The CSM documents current site conditions and is
supported by maps, cross sections, and site diagrams (EPA 1996).

e The CSM is a “living” framework that continually evolves as data are collected and synthesized and
as the focus of the CSM, monitoring objectives, and key decisions change throughout characterization
and remediation. The Environmental Protection Agency describes this as the CSM lifecycle (EPA
2011).

The major elements that make up an integrated CSM are the waste release conditions, boundary
conditions, hydrogeologic setting, geochemical/microbiological setting, exposure pathways, and point(s)
of compliance. Each of these is important to contaminant movement in the subsurface and is interrelated.

Waste was released at DOE sites under extremely varied conditions. For example, waste leaked from
Hanford Site HLW tanks was highly alkaline, while waste released to some Savannah River Site seepage
basins was highly acidic. The chemical nature of the released waste is often the driving force for
geochemical and microbiological reaction networks that affect contaminant behavior. The volume and
frequency of release of waste from the source varied significantly as well, from single isolated spills to
108 liters per year for decades in some seepage basins. Contamination originating from small spills, slow
leaks, and solid waste trenches requires infiltrating water to move it through the vadose zone into the
saturated zone. In contrast, the massive volumes of liquid waste disposed in cribs and seepage basins
provided the water to, in some cases, move contamination into the saturated zone; in other cases, the
waste influenced the direction of local groundwater flow by causing mounds in the water table; and in
other, cases the waste remains within the deep vadose zone.

Boundary conditions are the features and processes that control mass balance of water in a subsurface
system, maintaining a driving force that moves groundwater. These conditions also vary substantially
across the DOE complex, most dramatically between sites with high and low yearly precipitation. At sites
with high amounts of precipitation, local streams generally control the movement of contamination
plumes in groundwater, sometimes providing recharge water, but more often receiving discharge of
contamination plumes. At sites with low precipitation, local streams are less important and
evapotranspiration may be an important influence on groundwater flow and contaminant movement.
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Boundary conditions also vary with time, often seasonally, but in special cases with high frequency, as is
the case with the Columbia River level at the Hanford Site.

Hydrogeologic settings influence the rate and direction of groundwater flow as well as the dispersion a
contamination plume undergoes as it migrates. Porous flow systems consist of clay, sand, gravel, and
cobbles, usually deposited by sedimentary processes that include water and airborne deposition. The
particles form a network of pores through which subsurface water can move. Understanding flow in these
systems is complicated by the heterogeneity in grain size and degree of cementation introduced by the
geologic process responsible for their deposition and diagenesis. Fracture systems can occur in
sedimentary, metamorphic, or igneous rocks. The fractures are formed by stresses within the earth and
can have regular patterns. Nevertheless, prediction of groundwater flow in fractured systems is difficult
and at some sites, such as the Oak Ridge Reservation, karstic terrains are important. These form by
dissolution of limestones, creating large pathways for groundwater flow in which contaminants can move
very rapidly.

Geochemical and microbiological reaction networks are the reactive controls on contaminant mobility.
These include reactions that involve contaminants, reactions of the bulk chemistry of the released waste
with aquifer minerals, and microbial reactions stimulated by the bulk chemistry of the waste. Major
contaminant reactions include aqueous complexation, surface complexation, intraparticle diffusion,
sorption to mineral surfaces, ion exchange, precipitation, and changes in valence state for certain
contaminants. These are interrelated and influenced by the bulk chemistry of the groundwater-sediment-
waste system. Thus, reaction networks must include reactions that change pH, redox potential,
concentrations of complexing ligands, nature of mineral surfaces, and amount and nature of natural
organic matter. Microbes also play an important role in the mobility of many contaminants, most notably
by directly catalyzing changes in certain contaminant’s valence state or changing the bulk chemistry of
the groundwater, causing oxidation or reduction of redox-sensitive contaminants. Microbes can also
produce mineral phases that react with contaminants (e.g., biogenic magnetite or pyrite) and can be
sorption sites for contaminants.

Characterization is the process of collecting information at a contaminated site on the elements of the
CSM. The qualitative and quantitative data collected are integrated into development of the CSM.
Characterization often continues into the remedial phase of a waste site, with the CSM continually
updated as new characterization data warrants. The initial phase of characterization is initially to
understand the nature and extent of contamination. More detailed investigation of the CSM elements can
be done in parallel, but has often been done subsequently. One of the important lessons learned during
decades of soil and groundwater cleanup activities is that it is far more efficient and cost effective to
approach initial characterization with the perspective of the waste site as an integrated system. There are
tools and support to facilitate this approach to site characterization (e.g., http://www.triadcentral.org/).
Data collection tools for characterization are often the same as those used for site monitoring, although
the objectives of the data collection are different.

The understanding of the nature of waste release is best at sites where historical information on the nature
of the waste and disposal history exists. In the absence of this information, the nature of the waste can be
inferred from the groundwater chemistry and measurements on subsurface materials obtained near the
waste source. The amount and flux of waste release can be reconstructed from plume size, seepage rates,
etc. Inverse modeling is also useful for reconstructing waste release.

Boundary conditions are generally relatively easy to characterize. Existing knowledge of regional
hydrology and climate conditions facilitates boundary condition characterization. Stream levels and flow
are easily measured and US Geological Survey data often exists for larger streams and rivers. Likewise,
water levels at the site are easily measured in available wells and piezometers. Geophysical tools can also
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be used to measure water levels on a larger scale. There are remote imaging databases that provide
evapotranspiration data for many parts of the country.

Hydrogeologic settings are mostly characterized by coring boreholes. Core samples and downhole
geophysical tools have been used to correlate geologic strata across a waste site and obtain hydrogeologic
properties such as porosity and water saturation. Direct push technology can be used in sediments that are
poorly consolidated and lack large cobbles to determine stratigraphic relations and other physical
properties of the sediments. Surface geophysical tools, such as various forms of seismic surveys and
surface resistivity surveys, can be used to delineate interfaces between subsurface materials with differing
properties (e.g., interfaces between different rock types). Permeability measurements can be made on
cored samples, in individual wells by slug tests, by multiwell pump tests, and by multiwell monitoring of
injected tracers.

Reaction networks are determined by a combination of field and laboratory measurements and studies.
Spatial and temporal differences in bulk water chemistry and microbial communities determined from
field measurements can indicate types and rates of reactions. More accurate chemical and microbial
reaction rates are determined by laboratory studies of field samples or simulants of field samples.
Currently, properties of subsurface materials (e.g., mineralogy, specific surface area, zero point of charge)
must be determined in the laboratory. In addition, ever-increasing sophistication in spectroscopic and
microscopic techniques allows greater understanding of the nature of adsorption, precipitation, and
coprecipitation.

Sustainable Remediation

As is widely acknowledged, EM sites present some of the greatest challenges within the field of
environmental remediation. Implementing sustainable remediation strategies at these sites will require an
understanding of the soil structure, hydrologic, and biogeochemical conditions that affect contaminant
mobility over long periods, technical options for remediation and/or containment of these contaminants,
and an understanding of the longevity of containment options. Some of the remedial technologies
currently being considered to mitigate contaminant release from source zones are contaminant mass
reduction, contaminant stabilization, and hydraulic control through the use of physical barriers,
immobilizing or transforming contaminants, and mobilizing and/or extracting contaminants. Table 3
provides a list of technologies that have been tested and/or used at the Savannah River Site, Oak Ridge
Reservation, and Hanford Site.
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Table 3. Remedial Technologies Tested/Used at DOE Sites

Category Cleanup Approach/ Technology Sites Implementing

Technology
Excavation SRS, ORR, HS
Groundwater pump and treat SRS, ORR, HS
Soil vapor extraction SRS, HS
Passive (baroballs and solar powered microblowers) SRS
Contaminant mass  Chemical oxidation SRS
reduction Recirculation wells SRS
Thermal treatment (steam injection, bulk vitrification, SRS, ORR
and electrical resistance heating)
Bioremediation SRS, ORR, HS
Phytoremediation (enhanced evapotransporation) SRS
) Monitored natural attenuation SRS, ORR, HS
(s:t(z)a gﬁ?g;f: Subsurface barriers SRS, ORR, HS
In-situ stabilization (chemical and biological) SRS, ORR, HS
Surface barriers (caps) SRS, ORR, HS
Hydraulic control Perr.neab.ility control (grouting) ORR, HS
Desiccation HS
Pore-water extraction HS

HS = Hanford Site; ORR = Oak Ridge Reservation; SRS = Savannah River Site.

Physical barriers (e.g., vertical barriers, surface caps, or horizontal barriers) are used to manage
contaminated sites by either isolating the source zone contamination, controlling water infiltration, or
minimizing downward migration of contaminants. Physical, chemical, and/or biologically mediated
processes (e.g., permeable reactive barriers, redox barriers, or bioremediation) are also used to minimize
mass flux from a source by immobilizing or transforming contaminants into a more resistant form.
Additional remedial techniques also exist that mobilize and extract contaminants (e.g., soil washing, soil
flushing, and phytoremediation) from groundwater and soil to control source-term release. Although the
basis for these remedial technologies is the application of source-term control techniques that reduce mass
flux to meet cleanup objectives, designing sustainable strategies is extremely difficult. Furthermore,
predicting their performance over the necessary intervals of long-term stewardship (i.e., hundreds to
thousands of years) is equally difficult. For additional details on the technologies listed beyond the
discussion provided above, see NRC (1999) and the references contained therein. For additional
discussion on technologies that can be applied to remediate deep vadose zone metals and radionuclides,
see Dresel et al. (2008).

The major factors that make the design of sustainable strategies challenging are associated with the need
for an improved understanding of how key physical properties and coupled hydrodynamic and
biogeochemical processes will influence implementation. These factors are exacerbated by the
heterogeneity of the subsurface environment. Another key aspect is the need for a systems-based
approach to address the various portions of a contaminant plume (primary and distal) during a remedial
action. Implementing a systems approach will require use of an attenuation-based remedy scheme, either
as an individual remedial action or with an in situ remedial technology. Attenuation-based remedies use
natural processes, such as biogeochemical gradients, to minimize or eliminate contaminant migration.
Furthermore, a process for transitioning from active remediation to attenuation-based approaches at sites
is also needed to develop sustainable remediation strategies.
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Effect of Physical Properties on Implementation of Remedial Strategies

The key physical properties that typically affect the successful implementation of remedial techniques are
associated with subsurface heterogeneity and the interrelated challenge of spatial and temporal scale up.
Heterogeneity can have a significant influence on the configuration and distribution of contaminants. For
example, centimeter-scale silt lenses have been shown to exert a major influence on fluid flow and
contaminant migration in the subsurface at the Hanford Site (Zachara et al. 2004). Additionally, spatial
differences in permeability can result in ineffective treatment of subsurface contamination with a reagent-
based treatment technology. In other words, the presence of preferential flow paths in the subsurface
environment can cause a reagent-based treatment technology to treat the more permeable zones and miss
the less permeable ones. In general, the less permeable zones often contain a large portion of the source
contamination and have a significant effect on the long-term ability to remediate the dilute fringe of
plumes. Several of the innovative technologies mentioned above have been successfully tested and
behave in a predictable manner at the laboratory and intermediate scale, but because of the changes in
physical properties that occur with changes in scale, operating these technologies at the field scale can
result in diminished efficiency and predictability.

As a result, controlled laboratory-scale batch studies are deficient in predicting phenomena observed at
the field scale because fluids in subsurface environments are not well mixed. Intermediate-scale
investigations are also limited because they do not provide an understanding of the core structure and
mechanisms that control macroscopic observations. This refers to the lack of direct information on the
local, diffusion-limited processes that occur as a result of variations in subsurface permeability,
preferential flow paths, and sediment structure. Therefore, to address the issues associated with
heterogeneity and scale, controlled vadose zone field experiments of remedial technologies are needed to
bridge the gap between laboratory- and intermediate-scale mechanistic and implementation studies and
field-scale application.

Effect of Hydrodynamic and Biogeochemical Conditions on Remedial Performance

The manner in which physical, chemical, and microbial processes upscale from the pore level to soil
profiles, watersheds, and groundwater basins is currently limited by a lack of direct measurements of
diffusion-controlled processes. Additionally, hydrodynamic and biogeochemical subsurface conditions
can affect the pre- and post-remedial implementation phases. Biogeochemical conditions are important
because they can (1) slow or prevent the movement of contaminant- or reagent-based treatment
technology, (2) decrease the reactivity of a treatment technology, (3) reverse an existing in situ
stabilization scheme (e.g., reoxidation of uranium immobilized by a permeable barrier), and (4) be
perturbed to manipulate existing conditions to enhance a remedial approach. Therefore, new research
must be conducted at scales of the coupled chemical, biological, and physical processes to determine their
impact on implementing remedial strategies.

Long-Term Effectiveness of Natural or Enhanced Attenuation

The use of natural attenuation processes, either alone or enhanced, to reduce or eliminate contaminant
migration in groundwater has become more popular within the past decade. Attenuation-based remedies
include in situ processes such as biodegradation, dispersion, dilution, sorption, volatilization, radioactive
decay, and chemical or biological stabilization, transformation, or destruction of contaminants. For
example, attenuation-based remedies for mercury include the addition of stannous chloride to remediate
surface water, immobilization with hydrogel encapsulation, or adsorption by mesoporous silica (Self-
Assembled Monolayers on Ordered Mesoporous Supports, SAMMS™). Techniques such as these can be
used with attenuation-based remedies to place contaminated sites on a path to long-term stewardship. To
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approve attenuation-based remedies, regulators and stakeholders will require defensible technical data
that provide a scientific foundation for attenuation-based remedies.

Systems-Based Monitoring

Each phase of environmental monitoring in support of cleanup activities has distinct objectives.
Monitoring activities before and during remediation activities or stabilization of a contaminated site are
defined here as process monitoring. Following remediation, monitoring that assesses the effectiveness and
short- to mid-term stability of remediation objectives is called performance monitoring. Finally, long-term
monitoring is defined as those activities used to confirm and assess stability and maintenance of a site in
closure. Over the last decade it has become clear that site closure is not always clearly defined,
particularly if there are residual wastes. Closure at many sites means that the remedy has been
implemented but the site will need to be monitored to ensure the remedy is sustaining.

DOE conducts monitoring in a range of environmental media, including surface water, groundwater,
soils, sediment, air, flora, and fauna. This approach currently requires expensive sampling of monitoring
networks, ranging in size from tens to hundreds of sampling locations, and resulting in costs of hundreds
of thousands to millions of dollars per year for sampling and data management (Reed et al. 2000). In
addition, long-lived contaminants will be present for many decades or even centuries at approximately
100 sites, posing long-term monitoring challenges and opportunities. As a consequence of the resources
required to maintain a monitoring program for a long period, most monitoring optimization efforts have
focused on long-term monitoring (DOE 2011). Thus, there is a critical need to advance monitoring
approaches that move away from the cost and labor intensive point-source monitoring to more leading
edge, systems-based monitoring strategies that use early indicator parameters and flux-based
understanding.

Previous DOE efforts to improve monitoring have focused on the state of available technologies (DOE
2011) and/or optimization of long-term monitoring locations, analytes, and sample frequencies. Efforts
have been interdepartmental and cross-disciplinary (DOE 2009). In 2012, EM published the keystone
document for DOE’s plan on monitoring, Scientific Opportunities for Monitoring at Environmental
Remediation Sites (Bunn et al. 2012). This document provides the scientific and technical foundation to
advance monitoring approaches beyond traditional sampling approaches. It presents a cross-disciplinary
perspective of opportunities and challenges for systems-based monitoring in multiple media including the
background and context for monitoring at DOE sites.

DOE’s vision for advancing monitoring through an integrated systems-based approach identifies in detail
the scientific and technical opportunities associated with monitoring at DOE sites. Specifically,
challenges and opportunities associated with monitoring focus on (1) reliance on CSMs and evolution of
CSMs throughout the monitoring phases; (2) in addition to point measurements, the use of flux-based
measurements where possible; (3) together with conventional data, the use of innovative monitoring tools
including surrogates, early indicator parameters, bioassessments, geophysics/remote sensing, predictive
analyses/models, and information management to collect multiple lines of evidence; and (4) methods to
integrate monitoring information to understand the system as a whole, update the CSM, and reduce
monitoring costs, risk, and schedule.

Geophysical Assessment Tools

The overall objective of geophysical assessment tools in monitoring is to indicate changes, compared to a
baseline survey, in spatial subsurface information caused by a remedial process, post-remedial effects, or
long-term changes in plume stability. Geophysical measurements for monitoring can be collected using
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airborne, surface, and/or downhole tools and techniques. Geophysical assessment tools can be used in a
systems-based approach to process, performance, and long-term monitoring. The operational difference
between the use of geophysical tools for characterization and monitoring is the frequency of data
collection and the duration. Geophysical surveys are typically done only once during characterization.
Process monitoring requires high-frequency data collection over a relatively short duration; the actual
frequency depending on the process. Long-term monitoring requires low-frequency data collection over
long timeframes. Performance monitoring lies between these two. This can be a factor in the choice of
geophysical tools. Ideally, tools that use simple robust sensors could be used for long-term monitoring
because a network could be deployed and left in place for decades and personnel could conduct a survey
every few years. For process monitoring, more automated systems that collect data on a frequency of days
to months would be ideal, but the system can be less robust.

Bioassessment Tools

Changes in the composition and function of a biological community (e.g., in response to remediation) can
be identified and tracked to better understand, predict, and assess the efficacy of remediation strategies.
Microorganisms, invertebrates, vertebrates, and plants almost never exist as individual species in nature,
but as integrated communities. Changes to their environmental conditions impact these communities and
vice versa. For example, characterization of baseline biological conditions within an environment
(diversity or probable metabolic potential) can be used to establish the state of the community, and
process, performance, and long-term monitoring can assess the changes or recovery of the community
throughout the remediation lifecycle. Microbes may be used for soil and groundwater remediation (e.g.,
bioaugmentation, biostimulation, monitored natural attenuation). Invertebrates, vertebrates, and plants can
take up or sequester specific contaminants (e.g., phytoremediation) or serve as indicators of contaminant
flux as well as toxicity testing.

Surrogates and Indicators

Surrogate parameters are easily measured or monitored and are used for more difficult-to-measure
analytes or a suite of analytes or parameters to distinguish a change in baseline conditions and indicate
that additional investigation is necessary (Gilmore et al. 2006). The concept of surrogates is based on use
of indicator parameters to imply the behavior of regulated analytes. The surrogate approach calls for
development of a sentinel parameter that can provide time-sensitive data regarding a change in site
conditions. Surrogate and indicator monitoring are appropriate for a wide variety of media, including
surface conditions (soil, vegetation, and hazardous wastes), surface water, groundwater, air, and fauna.
Surrogate and indicator methods may be based on one of more of the following:

¢ Simple, low-cost, field-based measurements rather than comprehensive analytical laboratory
measurements (e.g., master variables such as conductivity, pH, oxidation reduction potential,
dissolved oxygen, moisture content, and barometric pressure).

e Remote sensing, such as surface or airborne geophysical methods, allows capture of data from a large
area or volume in a single event or limited laboratory analysis.

Surrogate parameters are best suited to long-term monitoring where earlier characterization or monitoring
has provided the technical basis for the validity of the surrogate. During long-term monitoring there is
sufficient time to react when a surrogate parameter triggers concern that the plume may be unstable or
conditions are changing in a way that will mobilize stabilized contaminants. This may not be true for
process and performance monitoring.
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Predictive Analysis Tools

Predictive analyses integrate scientific data and monitoring results from environmental systems into a
common framework to inform the development of monitoring networks and strategies. Predictive
analyses can range from parametric analyses (e.g., statistical evaluation of monitoring data) to detailed
analytical and numerical models. Predictive analyses can be used for the following purposes:

e Choosing locations for sampling points or sensor placement as well as frequency of data collection
for process, performance, and long-term monitoring;

o Estimating necessary duration of process, performance, and long-term monitoring for planning
purposes; and

e Determining optimum surrogate parameters for long-term monitoring.

Information Management Tools

Information management is central to the task of designing and implementing effective monitoring
programs and long-term environmental care at DOE sites. The goal of information management at
environmental remediation sites is not only to collect, organize, analyze, and archive data, but also to
synthesize data into meaningful information that can be easily recognized and communicated. Another
key goal of information management is to engage and inform both site-specific and national stakeholders.
Over the long term, environmental monitoring data at each site needs to be synthesized to determine the
protectiveness and performance of the environmental remedy and confirm that site conditions do not pose
a threat to human health or ecological receptors. The challenge is achieving this in the most efficient way
given the enormous quantities and varied types of data generated by process, performance, and long-term
monitoring.

Predictive Modeling

Both field experience and emerging science provide evidence that complex hydrogeology and reactive
transport are important in developing accurate conceptual and numerical models for key contaminants in
heterogeneous settings. This is not to say that complex conceptual and numerical models are required for
all DOE problems; it is important to match models to site needs and conditions. This is done by
developing conceptual models that describe site conditions and process controls on contaminant fate and
transport. After the conceptual model is formulated, an evaluation process is followed to determine if
numerical modeling is needed. Numerical modeling may not be necessary for sites with simple plumes
that are stable or shrinking. In these cases, numerical modeling may not provide the needed benefit in
terms of uncertainty reduction, remediation design, or monitoring optimization. However, for complex
soil and groundwater contamination problems at the remaining EM cleanup sites, numerical models may
be needed for integrating data and understanding coupled hydrologic, geochemical, and microbiological
processes as well as predicting the impact of actions and treatments over stewardship timeframes and
relevant field scales.

These models are used to (1) integrate, test, and refine multiscale conceptual models that incorporate
hydrogeologic and biogeochemical properties and processes at varying scales, and (2) guide selection,
implementation, and optimization of remedial treatments. Examples of these models include
biogeochemical and metabolic models that integrate and describe microbiologic effects as well as reactive
transport forward and inverse models to forecast plume migration. Also included is the need to assess
active remediation and the effectiveness of natural attenuation as well as engineering models for
optimization and uncertainty analyses.
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Summary of Technological Challenges

o Systems-level approaches for effective treatment strategies. Strategies must include delivery of
materials for treatment or containment that take into account variations in physical and hydrologic
environments (e.g., deep vadose zone) and the complex and poorly understood relationship between
baseline biological, chemical, hydrologic, and geologic effects. Emphasis needs to be placed on
strategies that can treat multiple contaminants (radionuclides and hazardous) simultaneously. This
approach will require development of new chemical and physical processes for remediation as well as
optimization of natural biogeochemical processes. For example, new approaches may be designed
that rely on reagents for near-term remediation and transition in the longer term to natural attenuation.

¢ New methods for monitoring, measuring, and verifying the design and long-term effectiveness
of a remediation process. These methods, based both on point-source and flux-based measurements,
would assist in designing remediation approaches and evaluating the long-term efficiency of primary
plume treatment strategies. Innovative capabilities are needed to monitor surrogates, early indicator
parameters, bioassessments, and geophysics/remote sensing to allow these multidimensional data to
be incorporated into predictive models of remediation effectiveness. This integrated approach to
understand the system as a whole will produce a more accurate CSM and reduce monitoring costs,
risks, and schedule.

o Improved data analytics. New capabilities are needed to incorporate and correlate disparate sets of
data that span broad spatial and temporal regimes into CSMs. Another complication is that subsurface
heterogeneity, ranging from molecular to regional, impedes the understanding of contaminant
transport that is critical to the formulation of remediation strategies. Further, most laboratory studies
are done on time scales of hours to months, whereas many environmental processes occur over years
to decades. Work has been done on “aging” effects on adsorbed or precipitated contaminants, but the
work is not sufficiently robust to incorporate into CSMs.

o Improve predictive models of site evaluation and treatment at all scales. Current models do not
address critical parameters that are required to describe the coupled physicochemical phenomena
(oxidation and reduction, adsorption and precipitation, and mass transfer) that span multiple scales
and control contaminant migration in heterogeneous subsurface systems. Systems-based conceptual
models are needed that capture and accurately represent the appropriate level of subsurface
complexity to predict plume evolution. These models must include considerations of surface water
and groundwater interface interactions, geological structure, chemical reactivity, multiphase transport,
and many other factors.
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APPENDIX B
AGENDA AND PARTICIPANTS

WORKSHOP AGENDA

BRN-EM Day 1
Wednesday, July 8, 2015

12:00—1:30 PM  Registration

Opening Plenary Session (Moderator: Harriet Kung) — Grand Ballroom A/B

1:30 - 1:40 PM
1:40 —2:00 PM
2:00 —2:45 PM
2:45 -3:15 PM
3:15-3:45PM
3:45-4:15PM
4:15 - 4:45 PM
4:45 - 5:15 PM
5:15-7:00 PM
7:00 —9:30 PM

Welcome and Workshop Charge
Pat Dehmer, Acting Director
DOE Office of Science

DOE Environmental Management Perspective
Monica Regalbuto, Associate Principal Deputy Assistant Secretary
DOE Office of Environmental Management

Plenary Address

Richard Meserve, Covington & Burling LLP

Chair of the 2014 Secretary of Energy Advisory Board Task Force on Technology
Development for Environmental Management

Break

Keynote Address: Waste Stream Characterization, Transformation, and Separations
Andrew Felmy, Pacific Northwest National Lab

Keynote Address: Waste Form
Bill Weber, University of Tennessee

Keynote Address: Contaminant Fate and Transport in Geological Environments
Carl Steefel, Lawrence Berkeley National Lab

Introduction of Workshop Leadership and Workshop Format/Goals
Sue Clark, Workshop Chair, Pacific Northwest National Lab and Washington State Univ.

Dinner (on your own)

Parallel Breakout Sessions
Initial Presentations/Discussion (see last page of agenda for details)

Panel 1, Waste Stream — White Oak A
Panel 2, Waste Form — Forest Glen
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Panel 3, Contaminant Fate and Transport — White Oak B
Panel 4, Crosscutting Research — Glen Echo

BRN-EM Day 2
Thursday, July 9, 2015

7:30 —8:30 AM Continental Breakfast

8:30 - 10:15 AM  Parallel Breakout Sessions

10:15-10:30 AM Break

10:30 — 12:00 PM  Parallel Breakout Sessions

12:00 —1:00 PM  Working Lunch (meeting chairs, panel chairs check-in)

1:00 — 3:00 PM Parallel Breakout Sessions

3:00 - 3:30 PM Break

3:30-5:30 PM Interim Plenary Session (Moderators: Sue Clark, Michelle Buchanan, Bill Wilmarth)
Grand Ballroom A/B
Report on draft PRDs from each panel (30 minutes per panel for presentation/discussion)

Dinner (on your own)

Continued panel discussions in the evening (at the discretion of panel co-chairs)

BRN-EM Day 3
Friday, July 10, 2015

7:30 - 8:30 AM Continental Breakfast

8:30 — 10:30 AM  Parallel Breakout Sessions

10:15-10:30 AM Break (Meeting Chairs, Panel Chairs Check-in)

10:30 — 12:00 PM  Parallel Breakout Sessions

12:00 - 1:00 PM  Working Lunch

1:00 - 3:00 PM Final Plenary Session (Moderators: Sue Clark, Michelle Buchanan, Bill Wilmarth)
Grand Ballroom A/B

Report on PRDs from each panel (30 minutes per panel for presentation/discussion)

3:00 -3:15 PM Workshop Concluding Remarks
Sue Clark, Workshop Chair
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BRN-EM Day 3 (continued)
Friday, July 10, 2015

3:15PM Adjourn (except for writing teams)
3:30—-4:00 PM Discussion of Report Writing — Meeting Chairs, Panel Co-Chairs, and Writing Teams
4:00 - 6:00 PM Parallel Writing Session — Writing Teams

Dinner (on your own)

BRN-EM Day 4
Saturday, July 11, 2015

7:30 -8:30 AM  Continental Breakfast

8:30-10:15 AM  Parallel Writing Session — Writing Teams
10:15-10:30 AM Break

10:30 — 12:00 PM  Parallel Writing Session — Writing Teams

12:00 — 12:30 PM  Closeout — Meeting Co-Chairs and All Writing Teams

Adjourn
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Breakout Session Presentations (Wednesday, July 8, 7:00 — 9:30pm)

Panel 1 — Waste Stream Characterization, Transformation, and Separations

1. Hanford and Savannah River Site Waste Processing - A Summary of Similarities and Differences
Reid Peterson, PNNL

2. EM Separations Challenges and Opportunities
Gregg Lumetta, PNNL

3. Short and Long Term Considerations of Radionuclide Speciation in Waste Streams

Brian Powell, Clemson Univ.

Microfluidic Separations for Actinide Processing and Analysis

Becky Chamberlin, LANL

5. Low-Energy Electron Scattering: A Link between Fundamental Science and Radioactive Waste
Containment Problems
Thom Orlando, Georgia Tech

haN

Panel 2 — Waste Form
1. Value of Thermochemical Understanding and Modeling of Nuclear Waste Forms
Ted Besmann, Univ. of South Carolina

2. Accelerated Aging and Accelerated Dynamics of Nuclear Waste Form Evolution
Blas Uberuaga, LANL

3. In Situ Characterization of Environmental Degradation of Materials
Ian Robertson, Univ. of Wisconsin

4. Waste Storage System Corrosion Issues
Narasi Sridhar, DNV GL

Panel 3 — Contaminant Fate and Transport in Geological Environments
1. Why Little Matters: Fluid-Mineral Interactions from Mineral and Microbial Surfaces to the Pore Scale
John Bargar, SLAC

2. Contaminants, Compliance, and Caveats: Hydro-Biogeochemistry at the Floodplain Scale
Ken Williams, LBNL

3. Geophysical Characterization and Monitoring of Contaminant Fate and Transport: Opportunities,
Challenges and Prior Pitfalls
Lee Slater, Rutgers

Panel 4 — Crosscutting Research
1. Adding Reactivity to Structure
Bill Casey, UC Davis

2. Modeling the Materials-Environment System: Achievements and Challenges
Michael Demkowicz, MIT
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WORKSHOP PARTICIPANTS

Name Institution

Workshop Chair

Sue Clark Pacific Northwest National Lab and Washington State University
Workshop Co-Chairs

Michelle Buchanan Oak Ridge National Lab

Bill Wilmarth Savannah River National Lab

Plenary Speakers

Patricia Dehmer
Richard Meserve

Monica Regalbuto

Andrew Felmy
Bill Weber
Carl Steefel

Acting Director, Office of Science
Covington & Burling LLP

Associate Principal Deputy Assistant Secretary, Office of Environmental
Management

Pacific Northwest National Lab
University of Tennessee

Lawrence Berkeley National Lab

Panel 1: Waste Stream Characterization, Transformation and Separations

Jenifer Braley
Mark Antonio

Sam Bryan

Rebecca Chamberlain

Ken Czerwinski
Laetitia Delmau
David Dixon
Ross Ellis
Andrew Felmy
Nathaniel Fisch
Amy Hixon
Gregg Lumetta
Luther McDonald
Thom Orlando
Alena Paulenova
Reid Peterson
Brian Powell
Ralf Sudowe
Justin Walensky

Colorado School of Mines — Panel Lead

Argonne National Lab — Panel Lead

Pacific Northwest National Lab

Los Alamos National Lab

TerraPower/University of Nevada- Las Vegas

Oak Ridge National Lab

University of Alabama

Argonne National Lab

Pacific Northwest National Lab/Washington State University
Princeton Plasma Physics Lab/Princeton University
Notre Dame University

Pacific Northwest National Lab

University of Utah

Georgia Tech

Oregon State University

Pacific Northwest National Lab

Clemson University

University of Nevada-Las Vegas

University of Missouri
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Name Institution

Panel 2: Waste Form

Gerald Frankel
Jim Marra
Theodore Besmann
Brady Hanson
Carol Jantzen
Meimei Li
Elizabeth Opila
Ivar Reimanis
Ian Robertson
Kurt Sickafus
Bob Sindelar
Narasi Sridhar
Blas Uberuaga
John Vienna
Bill Weber

Ohio State University — Panel Lead
Savannah River National Lab — Panel Lead
University of South Carolina

Pacific Northwest National Lab

Savannah River National Lab

Argonne National Lab

University of Virginia

Colorado School of Mines

University of Wisconsin

University of Tennessee

Savannah River National Lab

DNV GL

Los Alamos National Lab

Pacific Northwest National Lab

University of Tennessee/Oak Ridge National Lab

Panel 3: Contaminant Fate and Transport in Geological Environments

David Cole Ohio State University — Panel Lead

Susan Hubbard Lawrence Berkeley National Lab — Panel Lead
John Bargar SLAC National Accelerator Lab

Ian Bourg Princeton University

Miles Denham Savannah River National Lab

Young-Shin Jun

Annie Kersting

Washington University - St. Louis

Lawrence Livermore National Lab

Kate Maher Stanford University

David Moulton Los Alamos National Lab

Fred Phillips New Mexico Tech

Eric Roden University of Wisconsin

Kevin Rosso Pacific Northwest National Lab
Tim Scheibe Pacific Northwest National Lab
Lee Slater Rutgers University

Carl Steefel

Dave Wesolowski
Ken Williams
Kelly Wrighton

John Zachara

Lawrence Berkeley National Lab
Oak Ridge National Lab
Lawrence Berkeley National Lab
Ohio State University

Pacific Northwest National Lab
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Name Institution

Panel 4: Crosscutting
Todd Allen

Aurora Clark

Bill Casey

Lynne Ecker

Michael Demkowicz
Tom Doe

Maik Lang

David Shuh

Idaho National Lab — Panel Lead

Washington State University — Panel Lead

University of California - Davis
Brookhaven National Lab

Massachusetts Institute of Technology

Golder Associates

University of Tennessee

Lawrence Berkeley National Lab

Department of Energy Participants

Paul Bayer

Steve Binkley

Pat Dehmer
Gerald Geernaert
Bonnie Gersten
Roland Hirsch
Linda Horton
Harriet Kung
David Lesmes
Natalia Melcer
John Miller

Raul Miranda
Larry Rahn

Andy Schwartz
Michael Sennett
Ceren Suset

John Vetrano
Sharlene Weatherwax
Philip Wilk

Tanja Pietrass
Kurt Gerdes

Mark Gilbertson
Dinesh Gupta
Dennis Koutsandreas
Nicholas Machara
Justin Marble
John Marra
Monica Regalbuto

James Shuler

Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science
Office of Science

Office of Science

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management

Office of Environmental Management
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Name Institution

Karen Skubal

Mathew Zenkowich

Observers
James Bresee
Phillip Britt
Jalena Dayvault
Anne Gaffney
Bruce Garrett
Kimberly Grey
Chris Gunther
Naomi Jaschke
Paul Kalb

Bob Kephart
Billie Mauss
Roger Nelson
Patricia Paviet
Elizabeth Phillips
Don Reed
Natalis Saraeva

Henry Shaw

Office of Environmental Management

Office of Environmental Management

Office of Nuclear Energy

Oak Ridge National Lab

Office of Legacy Management
Idaho National Lab

Pacific Northwest National Lab
Office of Nuclear Energy
National Energy Technology Lab
Richland Operations Office
Brookhaven National Lab

Fermi National Accelerator Lab
Office of River Protection

Waste Isolation Pilot Plant
Office of Nuclear Energy

Oak Ridge Office of Environmental Management
Los Alamos National Lab
Argonne National Lab

Lawrence Livermore National Lab
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SUMMARY OF WASTE FORM MATERIALS

Legacy radioactive wastes must be processed by the US Department of Energy Environmental
Management and stabilized into waste forms for disposal. The waste form materials must incorporate
and/or encapsulate the processed wastes, ideally retaining the contaminants for millennia. Different types
of waste forms offer different retention mechanisms, waste loadings, and durability. Linking waste
processing schemes with waste form characteristics is essential for producing effective and resilient waste
disposal strategies. The table serves as a primer for considering types of waste forms in the context of
waste stream attributes and disposal requirements.

Retention

aste Form .
e I Mechanism

Pictorial of
Incorporation
Mechanism

Waste Loading/

Overall Durability

Examples

Single Phase Glasses
Radioactive and hazard-
ous species are atomically

Loading: Moderate

bonded in the glass struc- Durability: Good ]?;)sr;s;11cate
ture usually to oxygens Chemical flumin;silicate
that are also bonded to the Incorporation Modeling: Easy to lasses. phosphate
matrix elements, Si, Al, B, model radionuclide & - PROSp
. glasses
P, etc., by short range or- release from a single
der and medium range phase
order.
Glass Ceramic Mate- Loading: Higher for
rial high Cr, Ni, Fe
Radioactive and wastes
hazardous species are in
the glassy matrix (like Durability: Good
single phase glasses). .
Benign crystals such as Chemical Modeling: Easy for nghe_r_waste loaded
. . . . . borosilicate,
spinels (Cr, Ni, Fe Incorporation radionuclide release L
species) are allowed to from single phase aluminosilicate, or
P glep phosphate glasses

crystallize (). The
spinels do not contain
radionuclides but may
sequester hazardous
species.

glass as minimal
impact from grain
boundary dissolution
(must be determined
by experiment)
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Retention

\WES(E3 LAOIFTT Mechanism

Pictorial of
Incorporation
Mechanism

Waste Loading/

Overall Durability

Examples

Glass Ceramic
Material

Radioactive and hazard-
ous species are in the
glass matrix and in the
crystalline phases.

Loading: Higher if
soluble radionuclide
phases are not formed

Durability: May be
greater or poorer than

Example shows Cs in Chemlcgl homogeneous glass
. Incorporation Glass-bonded
the glass and in a . .
and Modeling: More sodalite
secondary phase ( g). .
Encapsulation complex to model
Secondary phase could . .
radionuclide release
be more soluble than the from multinle phases
glass, e.g., (Na,Cs)2SOs, plep
(glass and crystal) and
or more durable than the . .
. grain boundaries (has to
glass, e.g., pollucite be determined b
(Cs,Na),ALSLO1. . e oy
experimentation)
Crystalline Ceramics — Loading: High for a
Single Pha.se single radionuclide of Pyrochlores for
Metals — Single Phase concern . ..
. single actinide
Multi-grained but only o .
. .. stabilization, zeolites
one main phase and each . Durability: Good .
. . Chemical for single
grain contains the same Incorporation radionuclide
radionuclide(s). P Modeling: Easy for e
oy . . stabilization
Granular or monolithic. radionuclide release
from a single phase
Loading: High
Durability: Superior
Crystalline Ceramics —
Multi-Phase Modeling: Difficult
Metals — Multi-Phase for radionuclide SYNROC, tailored
Individual phases con- release from multiple ceramics,
tain one or more phases plutonium
radionuclides (see solid . ceramics,
C . Chemical . .
solution indicated be- . Processing: Need to supercalcines,
Incorporation

tween UO; and ThO» in
one phase). Some phases
do not incorporate radio-
nuclides at all (gray
shade, no symbols).
Granular or monolithic.

tailor for and know
radionuclide
partitioning among
phases

Pretreatment: May
require pre-calcining
for certain processes
to work efficiently

minerals for
multiple actinide
stabilization

C2
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Retention el O Waste Loading/

Waste Form Incorporation

5 Examples
b CE R Mechanism

Overall Durability

Loading: High only if
binder (monolithing

Granular Crystalline N
agent) is minimized

Ceramic or Metal
Composites

Granular waste forms
must be monolithed due

Durability: Superior -
double containment

to disposal requirements Fluidized bed steam
. P requ Modeling: Difficult for ~ reformer granular
if not containerized. The . .
s . radionuclide release product for Hanford
monolithing agent does Chemical . . ..
. . . from multiple phases Site low-activity
not incorporate radionu- Incorporation
. waste or Waste
clides at all (gray shade). and .
. . Processing: Need to Treatment and
Known as composite Encapsulation . e
. tailor for and know Immobilization
waste forms (monolith- . . .
. radionuclide Plant waste in
ing agents can be nu- o .
partitioning among geopolymer matrix

merous-Ca-Si or POy
based cements, geopol-
ymers, geopolymeric
cements, other binders)

phases

Pretreatment: May
require pre-calcining
for certain processes to
work efficiently

Cements, Geo-poly-
mers, Hydroceramics,
Ceramicretes

Liquid waste is mixed
with concrete or other
binder — hydrated phases
occur that can incorpo-
rate the radionuclides
weakly or retain them by
sorption. Primary encap-
sulation is by solidifica-

Loading: Low
Durability: Lower

Modeling: Difficult

for radionuclide re- . .
Savannah River Site

. S Encapsulation lease from multiple
tion or precipitation of hases and hvdrated Saltstone
radionuclides on the P Y
grain boundaries where secondary phases
the nonradionuclide con- Processing: Easy to
taining phases hydrate or process — u.sually mix
crystallize. Example and cast
shows technetium se-
questered by C-S-H (Ca-

Si-OH) hydrates and se-
questered by secondary
fly ash granules.
Key: ¥ Lo +
Cs U Tc Pu
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