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Summary

Cleaning up the nation’s nuclear weapons complex remains as one of the most technologically
challenging and financially costly problems facing the U.S. Department of Energy (DOE). Safety, cost,
and technological challenges have often delayed progress in retrieval, processing, and final disposition of
high-level waste, spent nuclear fuel, and challenging materials. Some of the issues result from the
difficulty and complexity of the technological issues; others have programmatic bases, such as strategies
that may provide undue focus on near-term goals or difficulty in developing and maintaining stakeholder
confidence in the proposed solutions. We propose that independent basic fundamental science research,
addressing the full cleanup life-cycle, offers an opportunity to help address these challenges by providing
1) scientific insight into the fundamental mechanisms involved in currently selected processing and
disposal options, 2) a rational path to the development of alternative technologies should the primary
options fail, 3) confidence that models that predict long-term performance of different disposal options
are based upon the best available science, and 4) fundamental science discovery that enables
transformational solutions to revolutionize the current baseline processes.

Over the last 3 years, DOE’s Office of Environmental Management (EM) has experienced a fundamental
shift in philosophy. The mission focus of driving to closure has been replaced by one of enabling the
long-term needs of DOE and the nation. Resolving new challenges, such as the disposition of DOE spent
nuclear fuel, have been added to EM’s responsibilities. In addition, the schedules for addressing several
elements of the cleanup mission have been extended. As a result, EM’s mission is no longer focused only
on driving the current baselines to closure. Meeting the mission will require fundamental advances over
at least a 30-year window if not longer as new challenges are added. The overall intent of this paper is to
foster a dialogue on how basic scientific research can assist DOE in executing its cleanup and
environmental management mission.

In this document, we propose that such scientific investments not be focused solely on what may be
viewed as current DOE needs, but also be based upon longer-term investments in specific areas of science
that underpin technologies presently in use. In the latter regard, we propose four science theme areas:

1) the structure and dynamics of materials and interfaces, 2) coupled chemical and physical processes,

3) complex solution phase phenomena, and 4) chemical recognition phenomena. The proposed scientific
focus for each of these theme areas and the scientific opportunities are identified, along with links to
major risks within the initiative areas identified in EM’s Engineering and Technology Roadmap (DOE
2008b). The authors encourage feedback from our colleagues in the nuclear waste and related fields.
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Acronyms

CST crystalline silicotitanate

DLVO Derjaguin, Landau, Verwey, and Overbeek (theory)
DOE U.S. Department of Energy

DQMOM Direct Quadrature Method of Moments
EM Environmental Management (DOE)
HLW high-level waste

LAW low-activity waste

MSE mixed-solvent-electrolyte

NRC National Research Council

OET Office of Engineering and Technology
PBE population balance equation

SNF spent nuclear fuel

R&D research and development

TRU transuranic

WIPP Waste Isolation Pilot Plant
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1.0 Introduction

The problem of retrieving, processing, and disposing of high-level waste (HLW), spent nuclear fuel
(SNF), and other excess nuclear materials is nothing new. Numerous studies by the National Research
Council (NRC) (NRC 1997, 2000, 2001, 2003, 2005, 2006, 2007) and U.S. Department of Energy (DOE)
strategic planning efforts (DOE 1998a, 1998b, 2006, 2008a) have defined the importance of the issues
and articulated the need for continuing investments in research and technology development focused on
supporting DOE site needs. For example, a recent multi-year program plan developed by the DOE Office
of Engineering and Technology (OET) identified 122 potential research activities to reduce the technical
risk and uncertainty in the department’s major HLW cleanup sites (DOE 2008c). These research
activities were developed to address technology needs identified in the OET Roadmap (DOE 2008b) in
the areas of Waste Storage, Waste Retrieval, Tank Closure, Pretreatment, and Stabilization. The large
number of potential needs, coupled with the broad range of technological challenges spanning
fundamental research to technology deployment, makes it difficult to define the precise role that basic
science can play in the resolution of these issues; thus, the need for this paper.

There has been a fundamental shift in the DOE Office of Environmental Management’s (EM’s) mission
focus and the opportunities for basic research over the last 3 years. EM was previously focused on
addressing a fixed set of cleanup challenges using existing technologies. These activities were viewed as
achievable with only incremental research and development (R&D) investments centered on applied
modifications to meet unique aspects of the cleanup. The mission focus is now based on reducing the
long-term risks and uncertainties in cleanup challenges for DOE and the nation. New challenges have
been added to EM’s responsibilities, both broadening the mission and increasing the mission duration. As
reflected in the OET Roadmap, two new areas have been added to the issues in Waste Processing: Spent
Nuclear Fuel and Challenging Materials. Addressing these new elements will require the development of
new processes incorporating innovative solutions to many fundamental science challenges. In addition,
the schedules for addressing several elements of the previous mission have been extended. For example,
the Waste Treatment Plant at Hanford was scheduled to begin operations in 2007 and finish immobilizing
HLW within 20 years. Under the current baseline, the plant will begin operations in 2019 and finish in
roughly 2049. This combination of an extended mission as well as additional challenges provides
significant opportunities to reduce the risk and uncertainty through basic science research.

With these factors in mind, and based on the groundwork laid by previous reports (mentioned above), we
have grouped the basic science needs into four theme areas: 1) the structure and dynamics of materials
and interfaces, 2) complex solution phase phenomena, 3) coupled chemical and physical processes, and
4) chemical recognition phenomena. The scientific opportunities in each of these theme areas are
described along with an articulation of how science can impact current and future DOE needs. Within
each theme area, fundamental science questions are posed. These questions are summarized in Table 1.1.

As described above, the challenges facing the EM cleanup mission require investments spanning
fundamental discovery-based research up to applied demonstrations and deployments of existing
technology. In Table 1.2, we identify investments in fundamental research that will assist in reducing
technical risk and uncertainty. These needs are divided into the seven strategic initiatives defined in
EM’s OET Roadmap (DOE 2008b). The first five of these—Waste Storage, Waste Retrieval, Tank
Closure, Waste Pretreatment, and Stabilization—are under the Waste Processing Program Area. The final
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two initiatives—Spent Nuclear Fuel and Challenging Materials—were recently added to the Roadmap.
These program areas and associated needs are still under development. Therefore, the risks in Table 1.2
for Spent Nuclear Fuel and Challenging Materials are preliminary, and associated science questions have
not yet been developed. The overall intent of this paper is to foster a dialogue on how basic scientific
research can assist the EM mission (DOE 2008a).

Table 1.1. Scientific Opportunities to Reduce Risk in Nuclear Process Science. Addressing these
opportunities will require basic research ranging from fundamental chemical and physical
investigations to advanced theoretical and computational modeling to technology
development enabling transformational engineering solutions.

Science Theme Scientific Opportunities/Questions EM Risks®
Structure and Can we better characterize the heterogeneous materials in 45,8,10,11,16,25,28,
Dynamics of waste tanks and improve our understanding of 29,30,31,35,48
Materials and dissolution/precipitation during retrieval and processing?

Interfaces Is it possible to more accurately characterize the chemical 6,7,8,10,11,15,17,22,
changes that occur in slurries and solutions in real-time? 23,26,27,33,34,39
Is it possible to develop alternative immobilization and 10,11,18,19,20,21,22,
treatment technologies that mitigate the current issues 23,27,41,42,43,44
associated with long-term release?
Can we extend our existing kinetic and thermodynamic 18,19,20
stability models of minerals and organic complexes over
hundreds or even thousands of years?
What is the nature of the solid-water interaction in 18,19,20,41,43,44
cementitious materials and associated microenvironments,
and how does one predict changes over geologic timescales?
How fast will glass react in the disposal environment? With | 42,46
exceedingly long time scales, how will the various reactions
between glass and its surrounding environment progress?
What are the mechanisms governing corrosion of materials 1,2,3,9,13,24,33,34
in contact with high-salt agueous systems, and what are the
additional effects of radiation on these materials?
What are the mechanisms of complex surface chemistry 5,6,13,17,40
modifications and their impacts on foaming and antifoaming
for mixtures of insoluble particle species in concentrated
electrolyte solutions?
Complex Can we predict the thermodynamics of concentrated 4,5,8,10,11,16,25,27,
Solution Phase electrolyte and mixed-solvent-electrolyte systems to very 28,29,30,31,35,37,38,
Phenomena high concentrations? 48
How do changes in ion solvation and chemical speciation in | 4,5,8,10,11,16,25,27,
concentrated electrolytes impact water activities and 28,30,31,35,38,48

exchange rates and hence the kinetics of precipitate
formation or dissolution?
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Table 1.1 (Contd)

Science Theme

Scientific Opportunities/Questions

EM Risks®

How do we predict the evolution of vapor phase species from
tank supernatants resulting from radiolysis and changing
tank chemistry?

3,7,13,24,43,45

What is the nature of the glassy state? Molecules in a glass
are arranged much like those in liquids but are more tightly
packed. Where and why does liquid end and glass begin?

25,42,44,46

Coupled Can we expand our current fundamental models of colloidal | 4,5,6,8,10,11,12,13,1
Chemical And behavior to predict variability and dynamics in more 4,28,31,32,33,34,40
Physical complex chemical and physical systems?

Processes Can advanced computational fluid dynamics techniques 8,11,12,13,14,15,26,3
predict rheological structure and the resulting rheological 1,32,33,47,45,46
behavior of complex fluids under varying flow conditions?

Can the thixotropic rheological properties be predicted 11,12,13,14,15,32,33,
through a combination of rheological structure modeling and | 45,46,47
computational fluid dynamics under transient conditions?

Can the yield stress of slurries be predicted through a 45,6,8,10,11,12,13,1
combination of dynamic rheological structure models and 4,28,31,32,33,34,40
colloidal properties?

Can advanced computational fluid dynamics techniques 11,12,13,14,15,32,33,
assist in predicting the performance of complex processing 45,46,47

equipment with thixotropic non-Newtonian fluids?

What is the nature of bubble slurry interactions that 6,13,32,40

influence the distribution of bubble sizes in multiphase

slurries?

What is the nature of bubble retention and release on the 5,6,13,40
microscopic level, and what are the effects of slurry

composition?

Can cold-cap behavior and reactions be predicted with 33,41,43,45,46
broadly varying chemical compositions through a better

fundamental understanding of the interplay between

reactions of solid, liquid, and gas phases?

Chemical What are the fundamental interactions that maximize 7,9,18,20,21,22,23,

Recognition differences in binding affinity and thereby maximize the 25,35,36,37,38,39

Phenomena selectivity of binding phenomena?

What is the nature of the interactions of the components of
matrix environments with target species of interest for
separations and sensing?

4,5,8,9,10,11,15,16,1
7,18,19,21,23,28,29,3
7,38,41,43

Can the structure of complexes and the thermodynamics of
complexation processes involving small donor molecules and
ions be predicted in condensed media?

7,9,18,20,21,22,23,
25,35,36,37,38,39

Can molecules and materials be designed to have
predictable binding properties for target contaminant

7,9,18,20,21,22,23,
25,35,36,37,38,39
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Table 1.1 (Contd)

Science Theme

Scientific Opportunities/Questions

EM Risks®

species? Can functional attributes be incorporated into the
molecular design so that the designed receptors behave
predictably in separations or sensing?

How can receptors be designed to function efficiently in
different types of separation systems?

7,9,18,20,21,22,23,
25,35,36,37,38,39

How can reporter groups, such as fluorophores and
chromophores, be coupled with binding groups and tethered
to surfaces to most efficiently signal binding without
interfering with the binding process itself?

7,17,21,22,23,39

What is the structural nature of contaminant species on or in

8,9,10,11,16,18,19,

complex solid materials, such as building materials, soils, 20,21,22,23

and metals, and what chemistry can be applicable to its

forced release?

What are the chemical speciation and bonding preferences of | 21,22,23,36,37,39

a contaminant of interest in its matrix, including influences
of shape and H-Bonding?

(a) EM risks from Table 1.2.

Table 1.2. Fundamental research is needed to develop applied solutions in the following areas to reduce
technical risk and uncertainty in the DOE-EM Waste Processing mission. These range from
fundamental chemical and physical data to advanced theoretical and computational models to
technology development, enabling transformational engineering solutions. Categories here
are derived from the OET Roadmap.

Category

Risks and Uncertainties

Woaste Storage

1. Low temperature in-tank sealing technologies compatible with waste chemistry

and storage systems to enable tank repairs

2. Mechanisms governing general corrosion, pitting, and stress corrosion cracking,
including effects of waste aging and temperature with time to support tank life

extension

3. Reaction pathways in HLW slurries producing volatile components to mitigate
the risks of headspace corrosion, tank failure, ventilation system failure, and

occupational exposure

4. Effects of storage conditions and aging on morphology and surface
characteristics of salt and sludge waste, including the role of water on surface
chemistry, as they affect continued storage, retrieval, and processing

5. Effects of waste evaporation and blending operations on waste properties
impacting retrieval, transport, and flammable gas safety basis

6. Chemical and physical processes governing gas retention and release, including
submerged bubble retention and gaseous floating layers impacting flammable gas

safety and general tank operations

1.12




Table 1.2 (Contd)

Category

Risks and Uncertainties

Mercury compounds in waste systems and new monitoring technologies to
mitigate impacts on processing and reduce personnel exposure

Waste Retrieval

10.

11.

12.

13.

14.

15.

16.

17.

Chemical and physical properties of dried wastes, including salt heels and
annular sludge needed to support retrieval and waste acceptance at treatment
plants

Oxalic acid and other novel leaching agents interaction during heel removal to
mitigate carbon steel tank corrosion and flammable gas generation rates

Existing mineral phases, condensation of new minerals, and co-deposition of
radionuclides on metal surfaces that increase source terms

Chemical and physical properties of insoluble heels formed that will be generated
during complex retrieval and blending operations in staging tanks to enable their
eventual retrieval and disposal

Physical properties of the tank waste to mitigate system failures, including line
plugging, pumping failures, and feed variability

Physical and chemical processes leading to foam, crust, and floating layer
formation during retrieval to mitigate impacts on tank scaling and flammable gas
safety

Rheological characterization of wastes as well as mixing and transport designs to
support homogeneous delivery of feeds to treatment plants

Heel retrieval technologies and chemical models insufficient to ensure waste
acceptance at treatment plants

Models for saltcake draining and dissolution to predict solution chemistry, rates,
dissolution methods, and radionuclide partitioning enabling the optimization of
retrieval-system designs and operation

Chemical properties of tank waste needed to support acceptance and process
ability

Tank Closure

18.

19.

20.

21.

22.

Interactions of waste with the surrounding fill and near vadose zone to reduce the
migration of waste that has already leaked or may leak during retrieval

Heel chemistry and associated radiochemical source terms following retrieval
activities, including modified sluicing to enable selection of appropriate tank fill
materials

Improved stabilization forms as alternatives to baseline grout and consolidated
low-strength materials

In-tank method to analyze residual materials, including components driving
performance assessment (*°Tc, ”’Se,'*I, and **’Np) and waste acceptance
(particle size, percent solids, etc.)

Sensors for radionuclides in soil and groundwater at tanks will enable long-term
monitoring.
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Table 1.2 (Contd)

Category Risks and Uncertainties
23. Sensors for in situ characterization of radionuclide content of tank heels will
shorten retrieval times and inform decision-making.
Woaste 24. Tank corrosion mechanisms that could impact safety during retrieval and
Pretreatment processing

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Behavior of minor waste components that could result in currently unrecognized
impacts to waste-processing flowsheets

Statistical variability in waste composition to enable control strategy to run and
optimize plant operations

Chemistry of the secondary waste and recycle streams to mitigate potential
impacts to start-up and plant operations

Thermodynamics and kinetics of Al mineral precipitation, transformations, and
dissolution to enable optimized leaching and substantial decreases in low-activity
waste (LAW) glass production as well as reduce the risks of oversaturated
conditions

Behavior of chromium and Pu during oxidative leaching to enable optimization
of leaching conditions and general operations

Waste compositional and thermodynamic data to optimize blending

Advanced reactive transport models supported by detailed thermodynamic and
kinetic solution stability data to prevent line plugging and allow for a
comprehensive strategy for recovering from line plugging

Advanced multi-phase computational fluid dynamics models for time-dependent
non-Newtonian fluids to predict and optimize mixer tank and filtration
performance

Advanced online capabilities for process monitoring to enable process
optimization
Improved in-tank and laboratory methods for solids characterization to optimize

plant operations

Separation methodology for removing sodium hydroxide from alkaline HLW for
sludge washing and retrieval uses would reduce the volume of vitrified waste.

Selective removal of sulfate, a vitrification poison, would enable reduction of

glass production.

Deeper understanding of Cs, Sr, and actinide separation processes being
implemented at Hanford and the SRS would reduce technical risks associated
with plant commissioning and long-term operation.

Chelation of Al and Cr could enable reduction of both HLW glass and LAW
volume.

Online monitoring of radionuclides in processes being implemented would
reduce analytical costs and improve operational performance.
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Table 1.2 (Contd)

Category Risks and Uncertainties
40. Foam formation and destruction in process streams to reduce impacts to
processing and improved flammable gas safety
Stabilization 41. Vault science and technology enabling improvements in performance assessment

42.

43.

44.

45.

46.

47.

48.

Alternative HLW glasses with increased waste loading needed to boost
throughput and reduce canister count

Grout curing and variations with formulations needed to ensure long-term
performance and reduce the release of volatile components

Alternative LAW and secondary waste forms to mitigate the impacts of low
LAW melter throughput

Cold cap chemistry, including flash reactions, off-gas, and overall melting
reactions and rates to optimize throughput, minimize refractory corrosion, and
reduce off-gas and recycle streams

Liquidous-glass transition to model and predict the solubility of limiting
components, enabling optimized formulations, and to increase waste loading,
optimize melt rates, reduce melter temperature, and increase throughput

Grout rheological and physical properties to support pumping operations and
filling of ancillary systems, including transfer lines and cooling coils

New approaches to reducing the content of waste components, such as aluminate,
sodium, and sulfate, that determine glass volume to aid supplemental treatment

Spent Nuclear
Fuel

49.

50.

51.

52.

53.

54.

55.

U metal oxidation mechanisms and rates needed to reduce technical risks
associated with selection and implementation of treatment options for U-metal-
containing materials

Technical basis at Yucca Mountain for acceptance of metallic uranium and other
non-UQO, fuels

Thermodynamics and kinetics of water release from Al(OH); required to address
transportation of Al-clad fuels

Long-term chemical behavior of decay products from activation and fission
products as well as temperature histories to reduce uncertainties in fuel chemistry
and electronic structure that is challenging container integrity and the validity of
reactive transport models

Mechanisms leading to degradation of DOE aluminum-clad spent fuels to ensure
safe storage

Alternative sealing technologies enabling advanced canister closures in high-
radiation environments

Advanced neutron absorbers performing over geological timescales to enable
safe storage in national repository

1.15




Table 1.2 (Contd)

Category

Risks and Uncertainties

56.

57.

58.

Fissile element redistribution during corrosion of DOE fuels to reduce
conservatism in current design and associated cost

Alternative treatment flowsheet for Fast Flux Test Facility Na and K bonded
fuels to mitigate transport risks and waste acceptance risks to treatment at Idaho
and/or direct shipment to Yucca Mountain

New technologies for nondestructive assay of plutonium and other isotopes in the
high-radiation environments of spent fuels for wet and dry storage to enable
flowsheet development, ensure safe storage, and improve accountability

Challenging
Materials

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

Chemical and electronic structure changes arising from radiolytic decay in Cs, Sr,
and other sealed capsules to assess long-term integrity and enable the
development of disposal options

Corrosion hindering long-term performance of 3013 containers

Tritium absorption and desorption thermodynamics and kinetics in structural
materials and components to support safety basis

Transuranic (TRU) element adsorption and penetration of surfaces to enable
development of improved decontamination technologies needed to reduce the
volume of material sent to the Waste Isolation Pilot Plant (WIPP)

Thermodynamic and chemical data on Pu-containing materials needed to support
processing and stabilization

Chemical and radiolytic hydrogen gas generation mechanisms to enable TRU
transportation to WIPP

Alternative waste forms and advanced melter technologies needed to stabilize
excess nuclear materials, including Pu

Reaction mechanisms driving gas generation in 3013 canisters and other long-
term storage containers to safe storage

Improved technologies to monitor the integrity and contents of 3013 canisters
and other long-term storage containers to safe storage and accountability

Advanced non-intrusive characterization technologies, including the
measurement of chemical, physical, and radiological properties, to enable the
development of treatment options and accountability
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2.0 Structure and Dynamics of Materials and Interfaces

Scientific challenges associated with HLW retrieval and treatment include an improved understanding of
the structure and dynamics of the materials and interfaces. This includes the wastes themselves as well as
waste storage and processing equipment and the final waste forms. The waste solids are a combination of
minerals and amorphous compounds ranging from crystalline saltcake waste to insoluble sludge.
Compounding the composition complexity of the tank wastes is the presence of organic solvents and
organic complexants used in some of the chemical separation processes at the facilities along with the
radiolytic and chemical degradation of these organic compounds. The behaviors of wastes, including
particle agglomeration and coalescence, foaming, and solution/vapor interactions, must be predicted and
controlled during storage and processing. Challenges related to tank closure and residual waste include
1) understanding the reactivity of amorphous and crystalline solids, 2) the quantification of the long-term
contaminant release from the residual waste, 3) the impact of tank filling materials and the corrosion of
steel tank liners on contaminant chemistry, and 4) the fate/transport of contaminants in the environment.

2.1 Reactivity of Amorphous and Crystalline Materials

The solids present in waste tanks at DOE facilities were formed under unique conditions of solution
composition, temperature, and radiolysis that in many cases have varied over the 60-year history for some
of the tanks. The solids are a combination of minerals and amorphous compounds comprising relatively
soluble saltcake waste and less soluble sludge. Saltcake was formed by neutralizing the nitric acid waste
with NaOH to protect the steel liners of the tanks. Saltcake formation was enhanced by evaporation in the
tanks. The primary mineral salts in saltcake are nitratine (NaNQO;) and NaNO,; however, other minerals
and amorphous solids are likely trapped in the saltcake. The primary minerals encountered in sludge are
common minerals such as gibbsite [Al(OH);], béhmite [AIO(OH)], hematite [Fe,O;], and unspecified
aluminosilicates (Deutsch et al. 2005a). In addition, uncommon minerals, such as ¢ejkaite
[Nas(UO,(CO3)3], lindbergite [MnC,042H,0], cancrinite [Nag(AlsSicO,4)(CaCO3)(H,0);], and dawsonite
[NaAlCO;(OH),], have also been detected in one or more tanks (Krupka et al. 2006; Deutsch et al.
2005b). X-ray diffraction patterns of tank sludge material show that large percentages of some sludges
are amorphous. One of the fundamental questions to develop a processing baseline becomes:

Question: Can we better characterize the heterogeneous materials in waste tanks and improve our
understanding of dissolution/precipitation during retrieval and processing?

Characterization methods for this area are a broad cross-cutting science that impacts each sector of the
disposal pathway. Characterizing tank wastes is critical to each of the necessary tasks in the waste
disposition pathway, including retrieval and closure of the tanks. The wastes, including both sludge
solids and dissolved saltcake, need to be retrieved to the maximum extent practical as part of the closure
process, and although water is typically the preferred solvent for removing residual saltcake, acids have
been used to augment the sludge dissolution process. In addition, accurate characterization of the tank
wastes and residuals is critical to performance assessments for the closure process.

Minerals present in the tank wastes have well-defined major ion compositions; however, trace
constituents present in the minerals provide for some variability in composition. The primary
contaminants (99Tc, 1 U, Cr, 237Np) in the waste, from a long-term risk to groundwater standpoint, may
occur primarily as trace constituents in the solids. Compared to the minerals present in the waste, the
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amorphous compounds have highly variable compositions. For example, analysis of an amorphous Mn-
oxyhydroxide in Hanford tank C-106 by scanning electron microscopy/energy dispersive spectroscopy
showed the presence of Ca, Al, Si, Fe, Pb, rare earth elements (Ce), Cr, P, and C in addition to Mn
(Deutsch et al. 2005b). Compounding the composition complexity of the tank wastes is the presence of
organic compounds in addition to the inorganic solids. Organic extraction solvents and organic
complexants were used in some of the chemical separation processes at the facilities, and spent
compounds were disposed of in the tanks. The principal extraction solvents were tributyl phosphate and
normal paraffinic hydrocarbons. Organic complexants included N-(2-hydroxyethyl)
ethylenediaminetetraacetic acid, ethylenediaminetetraacetic acid, and glycolic, citric, and oxalic acids
(Allen 1976; Meacham et al. 1996).

The importance of characterizing the tank solids and estimating their reactivity to water and other
solvents is due to the need to retrieve as much of these solids as possible from the tanks as part of the
closure process so that only small amounts of potentially toxic materials are left behind in the tanks.
Water is the preferred solvent for removing residual saltcake, but in some cases, relatively insoluble
layers in the saltcake have reduced the efficiency of dissolution and removal of the material. In the case
of sludge, water has been used to dissolve solids and suspend insoluble material for removal from tanks
by pumping; however, in cases where sludge removal with water was not sufficient, oxalic acid (0.9 M)
has been used to augment the process (Bechtold et al. 2003). The selection of appropriate solvents would
be enhanced by a better knowledge of the solids that need to be removed from the tanks and their
solubilities in various extraction fluids. For a given waste feed, the composition will likely change during
the retrieval as the more soluble components are recovered from the tank first, resulting in a question:

Question: Is it possible to more accurately characterize the chemical changes that occur in slurries
and solutions in real-time?

A second reason for better characterization of the tank waste and understanding of its reactivity is to
develop long-term release models for risk assessments required as part of the closure process. The release
of uranium to future infiltrating water entering the tank from a uranium mineral of known solubility may
be relatively straightforward; however, the release of trace constituents (such as Tc or I) from minerals or
amorphous compounds is not as simple to estimate. Simply determining the mineral that contains the
contaminant is a challenge when the bulk concentration of the contaminant may only be a few parts per
million. Furthermore, the contaminant may be present in one or more of the heterogeneous, amorphous
compounds that do not have a fixed solubility and may release some contaminants preferentially to the
general mass of the solid because the contaminant is present in a more soluble subphase. Developing
defensible contaminant release models for waste that will remain in the tanks after closure is a major
scientific challenge.

2.2 Long-Term Release

The methods for treatment and disposal are driven by the performance of the final waste form in the
natural environment. Performance expectations are controlled by regulatory, state, local, and stakeholder
agreements. Additional challenges are presented by secondary wastes, those generated during operations
at the primary treatment facilities. Secondary waste compositions are not as well understood, and
therefore disposal paths are poorly defined. At least three waste forms are anticipated based on the
current DOE cleanup baseline: residual waste, cementitious, and glass. While this section focuses on
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these three waste forms, there are significant opportunities for basic research to develop transformation
approaches that revolutionize these current baselines.

Question: Is it possible to develop alternative immobilization and treatment technologies that
mitigate the current issues associated with long-term release?

Some level of residual waste remaining in the HLW tanks following retrieval is expected. Residual waste
includes solids as well as scale on the tank bottoms and walls and is potentially contained in ancillary
systems and piping. Understanding the mechanisms associated with the potential release of the associated
radionuclide contaminants at low levels to the environment via infiltrating water for many thousands of
years following the completion of the retrieval mission is needed. Over this timeframe, some of the
inorganic solids in the waste may evolve from less stable amorphous compounds (such as iron
oxyhydroxides) to more stable crystalline forms (hematite). The change in solid phases may adversely
impact the contaminant release rate, or it might immobilize the contaminant in a less soluble phase and
reduce releases to the environment. Some of the relatively unique minerals (such as Dawsonite) present
in tank sludge may not be stable over the long-term when exposed to more typical earth surface
environments. These minerals may degrade the release of some constituents to solution and the formation
of secondary minerals. These changes may have an impact on contaminant release. The organic
compounds in the waste will change over time and may form stronger complexing agents for the
contaminants. For example, tributyl phosphate degrades to dibutyl phosphate, which is more soluble than
tributyl phosphate and may enhance the mobility of metals if stable dibutyl phosphate-metal complexes
are formed.

Question: Can we extend our existing kinetic and thermodynamic stability models of minerals and
organic complexes over hundreds or even thousands of years?

To fill the void spaces in the tanks following retrieval of tank waste, it is anticipated that they will be
filled with a cementitious material to maintain tank integrity and reduce contact with water. Similarly,
cementitious materials may be used to stabilize many secondary wastes from the primary treatment
facilities. For example, these materials may be a mixture of blast furnace slag, Portland cement, and fly
ash. The chemistry of the cementitious material will control the solution composition of water
percolating through a breached tank or secondary waste storage facility in the future. As the cement
weathers and ages, it is expected that solutions in contact with the material will evolve from that
dominated by Ca(OH), to a CaCO3;-dominated solution. The chemical evolution of this leaching solution
will impact the leachability of contaminants from residual waste. To evaluate the potential long-term
release from secondary waste and tanks closed with cementitious material, it is necessary to estimate the
changing composition of the leaching solution for thousands of years and evaluate how this solution will
impact the chemical system of the residual waste underlying the cement. These performance assessments
include hydrogeological models and corrosion models that predict the stability of the grout matrix and the
tank steel liner as well as the integrity of the concrete vault.

The corroding steel microenvironment may produce localized reducing or oxidizing conditions that affect
the mobility of contaminants by forming less-soluble solids containing the contaminants. For example,
Tc(IV) and Cr(II1) minerals are less soluble in a reducing environment than Tc(VII) and Cr(VI) minerals
in an oxidizing environment. Some of these secondary minerals, such as Cr(OH)j;, will remain stable as
oxidizing conditions become reestablished after complete tank corrosion; however, others, such as TcO,,
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will become soluble in the oxidizing conditions and will release contaminants to the environment. The
rate of steel corrosion, the impact of micro-environments, and the solubilities of reactive minerals need to
be addressed in the tank chemical system to better model long-term tank integrity.

Question: What is the nature of the solid-water interaction in cementitious materials and associated
microenvironments, and how does one predict changes over geologic timescales?

Glass must immobilize hazardous and radioactive components for the extended periods associated with
planned geological disposal. As glass reacts with water, several processes occur: ion exchange between
the solution and the alkali in the glass, hydration of silica ions in solution, dissolution of hydrated silica,
and silica condensation from solution (Grambow and Muller 2001; McGrail et al. 2001; Van Iseghem
et al. 2003). Although scientists “...are in general agreement in identifying the important factors that
affect the long-term behavior of glass. Alteration and dissolution by ground water are considered the
most critical factors...” (Ewing et al. 1996), there is not yet sufficient scientific understanding into how
key glass and solution parameters (e.g., composition, radioactive decay, and stress, temperature, and
radiation fields) influence the long-term release of contaminants to the environment. At present, kinetic
models are based on simple first-order reactions in which orthosilicic acid (H4Si0,) is the only rate-
limiting species in solution. The basic mechanisms of glass alteration need further investigation (Ewing
et al. 1996). The fundamental question is:

Question: How fast will glass react in the disposal environment? With exceedingly long time scales,
how will the various reactions between glass and its surrounding environment progress?

A long history of scientific studies laid the basis of our understanding of this question for nuclear waste
and natural glasses, e.g., Rana and Douglas (1961), Douglas and El-Shamy (1967), Pierce et al. (2007),
and Yokoyama et al. (2008). However, the multi-phase, multi-process nature of the reactions has
impacted predictive capabilities, in particular the connection between glass composition and dissolution.
For example, few, if any, studies have successfully made the connection between the current
understanding of glass dissolution and the glasses that have been buried since ancient civilizations started
producing them nearly 3000 years ago. Advanced simulation techniques that account for uncertainties
and changes in chemistry as a function of time will assist in answering these questions. See Ewing et al.
(1996) and Peters et al. (2008) for thorough discussions of this need.

2.3 Corrosion Chemistry

While awaiting retrieval and treatment, the safe storage of high-level wastes in tanks is maintained
through comprehensive structural integrity programs—which include corrosion-control programs, non-
destructive evaluations, and fracture-mechanics analyses. The corrosion-control programs were initially
designed to protect the tank carbon steel in a long-term storage condition. Under this program, hydroxide
and nitrite are the primary corrosion inhibitors. Nitrite is native to the tank waste as a result of the
decomposition of nitrate that was added originally as nitric acid from fuel processing operations.
Hydroxide in the form of NaOH is currently added to maintain alkalinity. Since any sodium added to the
waste increases the eventual volume of waste that must be immobilized, minimizing these additions
shortens the mission and reduces costs. The concentration of hydroxide and nitrite needed to inhibit
corrosion was determined through empirical models based on coupon tests. Observed corrosion in the
tanks indicates that these models significantly overpredicted corrosion rates. Also, these models are not
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sufficient to predict corrosion at other locations in the tank system, such as the vapor space/liquid-air
interface typically occurring under thin film or pseudo-atmospheric conditions that will be discussed later
in this document. This presents a fundamental question:

Question: What are the mechanisms governing corrosion of materials in contact with high-salt
aqueous systems, and what are the additional effects of radiation on these materials?

2.4 Foaming and Antifoaming Behavior

Foaming in HLW is a significant problem in storing and processing these wastes. Previous studies have
identified the key role of small insoluble particles in creating particle-stabilized foam lamellae as the
fundamental mechanism for foaming in waste slurries (Wasan et al. 2004; Bindal et al. 2001, 2002; Ali
et al. 2000; Rossen and Kam 1996). It was determined that small particles that attach to bubbles can
inhibit the coalescence of bubbles and create stable foams. This is because the particle surfaces have
intermediate or mixed wettability. These studies also determined the major mechanisms of antifoam
action in foams stabilized by solid particles. In actual waste slurries, the insoluble sludge particles are a
mixture of different chemical species, and each particle species will have different interactions at
bubble/liquid interfaces and different interactions at the solid/liquid interface with antifoaming and
rheology-modifying chemicals. While the previous studies elucidated key mechanisms, gaps still exist in
understanding how specific particles with their unique surface chemistry interact with bubbles and
chemical additives. A better understanding of this complex behavior will improve waste processing and
improve additives for antifoaming and rheology modification.

Question: What are the mechanisms of complex surface chemistry modification and their impacts on

foaming and antifoaming for mixtures of insoluble particle species in concentrated electrolyte
solutions?
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3.0 Coupled Chemical and Physical Processes
in Environmental Applications

Rheological behavior in slurries is dependent on a complex combination of chemical and physical
parameters. lonic strength, pH, zeta potential, solids concentration, surface chemistry, particle shape,
particle-size distribution, temperature history, shear history, and time all affect the flow behavior of the
slurry. These parameters change slowly during storage and dramatically during waste retrieval and
processing. In a typical retrieval process, the initial tank farm slurry is retrieved with water jets and sent
to the waste processing facility. The retrieved slurry feed will then be processed through several unit
operations involving separations of radionuclides and non-radioactive waste components. Changes
including pH, dissolved salt content, solids volume fraction, particle size, and solid/liquid chemistry occur
during separations and conversion to the final waste form. These physiochemical changes shape the inter-
particle colloidal forces. This section discusses several fundamental science challenges associated with
the modeling and better understanding of how these forces are affected by changes in these coupled
chemical and physical environments.

3.1 Rheological Properties of Colloidal Slurry Systems

The HLW tanks at DOE cleanup sites contain a mixture of solid and liquid phases. The solid phases
typically consist of fine metal oxide particles (Wells et al. 2007). The liquid phase is an aqueous solution
with a high concentration of dissolved salts. Such solid/liquid systems often possess non-Newtonian
rheology or fluid behavior. A non-Newtonian fluid is defined as a material in which the viscosity changes
with the degree of shear that the fluid is experiencing (Poloski et al. 2007). Therefore, the fluid does not
have a well-defined viscosity that can be used as an input in process design efforts. Often, slurry
rheology is a bottleneck in environmental cleanup processes. Controlling slurry rheology to overcome
these processing limitations is a significant issue to DOE.

It is well-known that slurry rheology depends on many chemical and physical parameters that change
during waste retrieval and processing. These parameters include ionic strength, pH, solids concentration,
surface chemistry, particle shape, and particle-size distribution (Zhou et al. 2005). Recent developments
in colloid modeling have allowed for the development of mechanistic equations describing how slurry
rheology changes with several colloidal variables (Laxton and Berg 2005). These colloidal variables
include zeta potential, inverse Debye length, and the Hamaker constant (Larson 1999). However, the
models were developed for ideal, simple systems. Extending this knowledge to complex systems requires
an understanding of the interactions between bulk chemical and physical properties of the slurry and the
colloid-level variables that govern rheology. Guo et al. (2003) make the following statement about this
approach for modeling rheology with colloidal interactions:

A feature of the above equation is to correlate the normalized shear yield stress with
surface chemistry independently of the structural properties of particles. Thus, all
normalized data of yield stress for the suspensions with a variety of solids concentrations
should collapse onto a single master curve in a plot against the square of zeta potential or
pH.
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Several DOE contractors have taken the approach of obtaining a master curve relating weight percent
solids to slurry “viscosity” and applying it to an entire process flowsheet. Since the colloidal parameters
discussed above are not considered in this approach and they are expected to change throughout the
lifecycle of a waste treatment process, one can also expect to observe variability in the slurry rheology
master-curve predictions. Understanding and considering how the major variables in the Derjaguin,
Landau, Verwey, and Overbeek (DLVO) theory, such as zeta potential, inverse Debye length, and
Hamaker constant, vary under nuclear waste processing conditions is essential to extending our
understanding of such systems. This is a step in realizing the goal of obtaining a master curve for nuclear
waste slurry rheology.

Understanding how the major variables in colloid modeling theory, such as zeta potential, inverse Debye
length, and Hamaker constant, vary under different chemical and physical environments for complex
fluids needs to be improved. Experimental studies should be focused on varying chemical and physical
properties and understanding the effect on colloidal properties. These experimental data will create the
foundation for a master curve relating nuclear waste slurry rheology to chemical and physical properties.
With this approach, the following question can be addressed:

Question: Can we expand our current fundamental models of colloidal behavior to predict variability
and dynamics in more complex chemical and physical systems?

3.2 Interaction of Colloidal Properties and Fluid Dynamics

Colloidal variables govern the interaction potential between particles. The interparticle attractive forces
generated by this potential often result in flocculation or coagulation. In flowing systems, the flocs can be
broken down, resulting in varying rheological structure under differing flow conditions (Marchisio and
Fox 2005). The distribution of flocs that result from the shearing forces present in flowing systems
results in a system of “flow units” that govern the observed viscosity of the slurry (Bibik 1981). The size,
shape, and distribution of the flow units can be described as the “rheological structure” of the system.
Recent advances in computational fluid dynamics techniques now allow for the possibility of coupling
colloidal force models with the Navier Stokes equations. The aggregate size distribution can be
determined by solving the population balance equation (PBE) at every computational node in the domain
of interest. The Direct Quadrature Method of Moments (DQMOM) represents the evolution of the
aggregate size distribution using a small number of scalar values (Poloski et al. 2006). This allows for the
possibility of modeling rheological structure under different flow conditions.

Modern rheometers are now coupling microscopy and light-scattering techniques with sensitive torque
and speed sensors (Di Cola et al. 2007). This allows scientists to obtain quantitative data on rheological
structure and the resulting fluid rheology under a wide range of shear environments. The breakdown of
rheological structure under high shear conditions often results in a “shear-thinning” flow curve where the
viscosity of the slurry appears to thin or lessen with increasing shear rate. Understanding this interaction
between rheological structure and fluid rheology can allow for fundamental correlations between these
parameters to be obtained. If these correlations are used in the computational fluid dynamics framework
discussed above, the following question can be addressed:

Question: Can advanced computational fluid dynamics techniques predict rheological structure and
the resulting rheological behavior of complex fluids under varying flow conditions?
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The topics discussed above deal with flow under steady-state conditions. However, under transient
conditions, the rheological structure of colloidal slurry will tend dynamically towards a steady-state value.
This is due to the floc size with shape distributions changing with time (Llorens et al. 2007). Flocs can
either break down with increasing shear or increase in size with decreasing shear. The resulting change in
rheological properties as a function of time is called thixotropy. The combination of thixotropic fluids
and unsteady shear conditions is common in many environmental applications, for example, the
application of pulse jet mixers on Hanford HLW tank sludge (Meyer and Etchells 2007).

Several rheological models, including the Moore and Cross equations (Llorens et al. 2007), use a
differential equation to model how the rheological structure varies with shear rate and time. The
coefficients in this differential equation are found empirically through experimental data. This process
requires a well-characterized fluid under a wide range of chemical and shear conditions. As discussed
above, modern rheometers have the potential of directly measuring rheological structure as a function of
time under a wide range of flow environments. If experimental correlations are obtained for the kinetic
behavior of the rheological structure, computational fluid-dynamics techniques can potentially model the
resulting transient rheological behavior. This leads to the question:

Question: Can the thixotropic rheological properties be predicted through a combination of
rheological structure modeling and computational fluid dynamics under transient conditions?

Conversely, under quiescent conditions, the long-range forces begin to dominate, and the solid particles
begin to agglomerate and then consolidate. During this process, the rheological structure and solids
concentration increase until solid-like behavior is observed. For these materials, a threshold stress or
yield stress needs to be overcome to allow the slurry to flow, and it defines the transition from solid-like
to fluid-like behavior.

Current mechanistic equations for the yield stress based on DLVO theory predict a dependence on the
inverse relationship between particle size and yield stress. However, many experiments have
demonstrated that yield stress is proportional to the inverse square of particle size. On this topic, Zhou
et al. (2001) state that “Although the perplexing question of why the additional inverse size dependence
observed is open for discussion, it is not likely to come from the force dependence (which is well
predicted by traditional DLVO equations).”

Yield stress is an important engineering parameter for environmental cleanup processes. Yield stress
defines the stress needed for sludge mobilization and defines the size of gas bubbles that can be retained.
By understanding the dynamics of rheological structure and colloid properties, the following question can
be addressed:

Question: Can the yield stress of slurries be predicted through a combination of dynamic rheological
structure models and colloidal properties?

3.3 Environmental Process Applications

The rheological properties such as yield stress, shear-thinning, and thixotropy have a profound influence
on slurry mobilization, mixing, gas-holdup, and solids suspension in vessels and pipelines. However,
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conventional design equations for these processes are based upon Newtonian viscosities. Critical
velocities for pipeline transport of particles are only defined for Newtonian carrier fluids. Likewise, just
suspended velocities for solids suspension in mixing vessels are also primarily defined for Newtonian
fluids (Zwietering 1958).

Current testing of process applications involves physically scaling down the system and experimental
testing with non-Newtonian simulants. Testing several process designs or geometries with different
simulants is time consuming and expensive. Interpreting experimental results is difficult and often
extremely limited due to instrumentation requirements. Developing the computational fluid dynamics
tool discussed above, which couples colloidal variables with Navier Stokes equations, will allow flow in
complex process applications with complex fluids to be simulated. This will allow for easier
interpretation of experimental results and rapid testing of various design options with different rheological
fluids. Such a tool needs to be benchmarked against existing experimental data for complex process
applications with complex fluids. The benchmarking effort should be designed to answer the following
question:

Question: Can advanced computational fluid dynamics techniques assist in predicting the
performance of complex processing equipment with thixotropic non-Newtonian fluids?

3.4 Bubble Formation

Bubbles of hydrogen gas are well known to be retained by radioactive waste slurries, and this potential for
retention of hydrogen gas is a safety hazard that must be managed. The size of the bubbles is known to
play an important role in how they are retained and released from waste in underground storage tanks and
in process vessels (Gauglitz et al. 1995, 1996; Gauglitz and Terrones 2002; Rassat et al. 1997, 1998;
Stewart et al. 1996; Bredt et al. 1995; Bredt and Tingey 1996). A largely unexplored fundamental issue is
how bubble aging changes the size distribution of the bubbles in complex multi-phase slurries that exhibit
a yield stress. Ostwald ripening, as it is often called, refers to how surface tension causes smaller bubbles
to shrink and larger bubbles to grow at their expense (Shaw 1980). The capillary force from surface
tension increases the pressure in a bubble as the bubble size decreases. As a result of the pressure
difference between two bubbles of different sizes, the gas in the smaller bubbles dissolves into the
surrounding fluid, diffuses to a larger bubble, and then partitions into the larger bubble, causing it to
grow. The result is a bubble size distribution that shifts to larger sizes over time. If the bubbles are in a
slurry that has a yield stress, however, the yield stress inhibits the shrinking and growing of the bubbles.
While Ostwald ripening in Newtonian fluids is well known, the role of the yield stress for bubbles in
multi-phase slurries has not been explored and is a fundamental issue that needs to be quantified to
understand the retention and release of hydrogen gas bubbles.

Question: What is the nature of bubble slurry interactions that influence the distribution of bubble
sizes in multiphase slurries?

3.5 Gas Retention and Bubble Dynamics

Previous studies have empirically determined the macroscopic properties that result in gas retention and
release in slurries, and the yield stress and particle size of the slurry are two important parameters
(Gauglitz et al. 1996, 1995; Rassat et al. 1998, 1997). However, the micro-structural properties affecting
gas retention and release are still not well understood. These include particle wettability, surface tension,
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and parameters describing the behavior of a slurry as it yields. While studies have considered the quasi-
static (slow) deformation of bubbles in yield stress materials (Terrones and Gauglitz 2003), the dynamic
behavior at the microstructural level has not been explored. 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. It is theorized that a bubble cascade occurs when a retained
bubble that was initially stagnant in a waste slurry with a yield stress begins to rise, and its motion
interacts with bubbles in its path, shears adjacent waste, and enables a second bubble to begin rising.
These two bubbles further interact with additional bubbles and shear more adjacent waste, leading to a
cascading effect of rising bubbles. While this bubble release behavior has been observed in some limiting
situations, the underlying microstructural mechanisms have not been studied and quantified. This leads to
the question:

Question: What is the nature of bubble retention and release on the microscopic level, and what are
the effects of slurry composition?

3.6 Cold-Cap Reaction Mechanisms

The successful treatment of nuclear wastes depends on an efficient melting process. Aqueous slurries
with waste solids and glass-forming chemicals are fed to the melt pool to form a cold-cap. Heat from the
molten glass dries the slurry and facilitates the reaction of the compounds in the cold-cap. A series of
reactions in the liquid, solid, and gas phase progresses until the material forms a molten silicate melt that
is poured from the melter into a canister where it solidifies into the final glass waste form. The rate of
processing is dictated by the chemical and heat transport across the melt/cold-cap boundary. It is difficult
to simulate a real cold-cap in its entire complexity in the laboratory. Cold-cap measurements in a melter
are limited. Recently, real-time temperature and temperature distributions of a cold-cap have been
measured in a test melter (Sundaram et al. 2002). Additional science is required to define the reactions in
the cold cap as well as to understand the associated kinetics and thermodynamics. The rates of reactions
need to be coupled to the transport of heat, reactants, and products in the cold-cap to answer the
fundamental question:

Question: Can cold-cap behavior and reactions be predicted with broadly varying chemical

compositions through a better fundamental understanding of the interplay between reactions of
solid, liquid, and gas phases?
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4.0 Complex Solution Phase Phenomena in HLW Processing

Unraveling and predicting complex solution phase phenomena in both aqueous solutions and liquid
glasses has been, and will continue to be, recognized as of prime importance in HLW processing. Such
solution phase phenomena are fundamental to controlling the stability of the waste glasses, retrieving tank
solutions, determining the leaching of tank sludges, and determining the long-term stability and corrosion
of the waste tanks, and they are key to developing separation strategies for radioactive and non-
radioactive components. This section presents a brief summary of the progress to date in the area of
solution phase phenomena and the future scientific challenges.

4.1 Role of Aqueous Solution Phase Phenomena

Because of the near ubiquitous presence of water in virtually all HLW processing streams, the chemical
behavior of dissolved solutes in aqueous solution has been a focus of process engineers and scientists,
starting with the Manhattan Project and continuing today. During this time, much of the fundamental
equilibrium chemistry of actinide elements, fission products, and many non-radioactive components has
been elucidated, and we now know a great deal about the chemical behavior of these species in aqueous
solutions over extended ranges of solution composition and temperature. This fundamental knowledge
has, over the past two decades, been summarized in several thermodynamic data reviews and incorporated
into predictive chemical models that have been used at all DOE HLW storage sites to analyze a wide
range of issues. These issues range from HLW processing from predictions of the dissolution of waste
sludges to the removal of radionuclides from process streams to line plugging in waste transfer lines. The
challenge now is to extend this successful equilibrium-based approach to non-equilibrium reactions and
more extreme conditions in solvent properties.

In this regard, it will be essential to address fundamental questions on the nature of solution phase
reactivity.

Question: Can we predict the thermodynamics of concentrated electrolyte and mixed-solvent-
electrolyte systems to very high concentrations?

Over the past two decades, much progress has been made in our ability to model the thermodynamics of
aqueous solutions, including actinide species (Grenthe et al. 1992; Silva et al. 1995; Lemire et al. 2001;
Guillaumont et al. 2003). In addition, there exist extensive databases of modeling parameters for semi-
empirical activity coefficient models such as those of Pitzer and co-workers (Felmy and Rai 1999) and the
Specific Interaction Theory (SIT). All of these expressions have limitations in the total ionic strength
over which they are applicable, resulting in numerous “extended theories,” and none are applicable for
mixed solvent-electrolyte solutions. Fortunately, there has been significant progress in developing mixed-
solvent-electrolyte (MSE) models, including the ability to include complex chemical species within the
modeling framework (Wang et al. 2002, 2004a, 2006; Anderko et al. 2002), as well as transport and other
properties (Wang et al. 2004b). In addition, these MSE models have been found to be capable of
modeling the aqueous thermodynamic of the mixed solvents to the pure solvent limits and to
exceptionally high ionic strength (i.e., the fused salt limit). New thermodynamic data needs to be
developed to extend these approaches to include the range of solutes and extraction systems needed to
predict the efficiency of waste tank evaporators, the drying of solutions on tank walls (and hence tank
corrosion), and the development of more efficient separation strategies.
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Question: How do changes in ion solvation and chemical speciation in concentrated electrolytes
impact water activities and exchange rates and hence the kinetics of precipitate formation or
dissolution?

One of the fundamental rate-limiting steps in solid phase precipitation is the necessity for the chemical
species in the aqueous phase to transform from their solvated or complexed form in solution into the
coordination environment that can be accommodated in the solid phase. This transformation may require
a change in the coordination environment [e.g., tetrahedrally coordinated AI(OH), in aqueous solution to
octahedrally coordinated AI(III) in the solid phase], the elimination of waters of hydration

[e.g., Ca(H,0)s*" in solution to Ca(OH), in the solid] and/or the elimination or attachment of ligands to
the metal ion [e.g., S(EDTA)” in aqueous solution to SrCOs(c)]. Currently, kinetic models of solid
phase dissolution/precipitation take into account these changes in solution conditions only by calculating
the degree of saturation (distance from equilibrium). These kinetic approaches need to be extended to
include the impact of the changing state of the solution changes in ion solvation and chemical speciation
on the rate constants for dissolution/precipitation to develop robust models of the dynamics of precipitate
formation and dissolution. These changes in the chemical form of the species in solution can have a
dramatic effect on the rates of precipitate formation and dissolution in waste tank supernatants. These
concepts are also important to separation processes. For example, in ion exchange and extraction
processes, considerable changes in ion solvation can occur as the ions transfer from one phase to the other
phase. In high-ionic-strength solutions, the reduced concentration of “free” molecules may reduce ion
exchange reaction rates that depend on solvation, but could increase extraction rates as a result of
increased ion pairing.

Legacy high-level nuclear wastes are stored in large underground carbon steel tanks. These tanks
generally have active ventilation systems to prevent the buildup of flammable vapor gases, such as
hydrogen, which are produced by radiolysis of water. Radiolysis of the solutions and dissolved organics
also produce a variety of volatile nitrogen-containing compounds that can impact the 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 the corrosion of the tank headspace and present safety risks in
tank farm operations. Examples of chemically derived volatile compounds include low-molecular-weight
organics, such as trimethylamine, organomercury compounds, such as dimethlylmercury, and nitrogen
compounds, such as ammonia and nitrous oxide. The formation and release of volatile organics increases
the burden on the ventilation system to maintain a non-flammable 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.

Question: How do we predict the evolution of vapor phase species from tank supernatants resulting
from radiolysis and changing tank chemistry?

The release of these gases from the strongly alkaline waste solutions shows non-linear behavior,
indicating stronger interactions between the volatile and non-volatile components in the waste solutions.
Consequently, predicting volatile releases is generally poor. This non-ideal solution behavior is likely
due to both the high ionic strength of the waste solution and the presence of micron and sub-micron size
transition metal hydroxides and hydrous metal oxides produced after adding sodium hydroxide to the
acidic waste solutions. The effects of high ionic strength of the waste solutions coupled with the variable
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composition of both the saltcake and the sludge solids limits a detailed understanding of the many steps
involved in the production and release of volatile organic compounds. Consequently, continued operation
of the tank farms requires a better understanding of the above phenomena, which can accelerate tank
headspace corrosion and the release of volatile substances. A detailed mechanistic and predictive
understanding is needed of the processes that result in the generation of these volatile compounds and
their release mechanisms from the supernatant.

4.2 Nature of Glassy Materials

The U.S. and international communities rely primarily on glass as a waste form for their most highly
radioactive nuclear wastes. These glasses have many advantages over other crystalline waste forms. The
ability to predict the performance of glass under extreme conditions and over very long time scales
depends on a clear understanding of the nature of the glassy state. The fundamental question to ask was
stated in Science as one of the most significant unanswered questions of science (Kennedy et al. 2005):

Question: What is the nature of the glassy state? Molecules in a glass are arranged much like those
in liquids but are more tightly packed. Where and why does liquid end and glass begin?

The answer to this question has eluded scientists because of the complex nature of glass and the glass
transition. Glass lacks long-range order; therefore, the energy distributions are not periodic. Glasses are
traditionally characterized after the liquid has cooled to ambient temperatures. However, there is ample
evidence that the chemistry in the liquid state is fundamental to understanding how metal oxides, alkali
oxides, alkaline earth oxides, and non-metal oxides (e.g., boron, sulfur) are incorporated into the glass
matrix. This complex chemistry is not understood, but has been suggested by several authors (Li et al.
2004, 2005; Zhang et al. 2001). Current modeling and experimental techniques are limited, e.g., model
cooling vs. real cooling rates and the ability to model and measure the dynamics of solidification in real-
time. In addition, glass structural measurements (e.g., low-angle X-rays, extended X-ray absorption fine
structure, multinuclear NMR) have not been rigorously adapted and used for complex glasses. Advanced
modeling and experimental techniques are required to ultimately answer this question. The fundamental
question must first be answered for simple glass systems. To be useful in making glasses for nuclear
waste management, these techniques must be applied to glasses of increasing complexity, such as oxide
waste glasses containing up to 40 chemical elements. For complex glasses, advanced statistical
techniques will have to developed and applied for incorporating glass-structure-property correlations.
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5.0 Chemical Recognition Phenomena
in Environmental Applications

Lehn originally defined recognition in terms of selective binding connected with some purpose (Lehn
1973). In the present context, the motivating purposes entail the core environmental needs for monitoring
and analysis or for decontamination of waste, equipment, buildings, soil, groundwater, etc. This section
discusses the role of chemical recognition, the design of new reagents and materials, chemical recognition
in separations, sensing and analytical methods, interactions at solid interfaces, and the recognition of
specific contaminant species. Significant fundamental questions have been identified for research

inquiry.

5.1 Role of Chemical Recognition

Binding a guest ion or molecule enables a separation or detection, and selectivity becomes the most
important characteristic of the binding interaction. Since selectivity results from differences in binding
affinity, perhaps the most fundamental question for research for environmental monitoring and cleanup
then becomes:

Question: What are the fundamental interactions that maximize differences in binding affinity and
thereby maximize the selectivity of binding phenomena?

As for any chemical process, to understand binding sufficiently to be able to control it for our purposes
requires an understanding of the initial state of the system as well as the final state in which the binding
has occurred. This understanding must take into account the complexities of the matrix environment and
its effect on the process, as we have discussed in the sections on complex fluid-phase phenomena and the
structure and dynamics of materials and interfaces. Accordingly, binding can occur in homogeneous
solution, where a ligand, for example, complexes a metal ion, or it can occur at an interface, where a
metal ion is adsorbed, for example, onto the surface of a membrane. It also can occur in the interior of a
solid, which could be an ion-exchanger or precipitated crystals. It can even occur in the gas phase or in
biological systems. To be useful, the chemical interactions engaging the bound species must be favorable
compared with its initial or unbound state. Very often, the initial state of interest is an aqueous or
aqueous-soluble medium, as in groundwater or the high-level salt wastes stored at Hanford and the
Savannah River Site. However, some of the more difficult problems of decontamination can entail the
solid surfaces of equipment, building materials, or soils (see below). Questions regarding the nature of
the contaminant species in their starting environments have been discussed in other sections of this report,
but it is taken as implicit in the design of reagents and materials for selective binding of contaminants that
the initial state of the contaminant is first understood. It may be reiterated here:

Question: What is the nature of the interactions of the components of matrix environments with target
species of interest for separations and sensing?

In the context of this discussion, the binding agent for a target species is referred to as a receptor or host,
and it will be broadly considered here to mean molecular as well as solid-phase materials. In the vein of
host-guest chemistry, the target species, referred to as a guest ion or molecule, can be a contaminant of
interest, most often a radionuclide such as ’Tc or *’Cs; a toxic metal, such as beryllium, mercury, or
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lead; a species that interferes with processing, such as sulfate in vitrification; or otherwise harmless
species that contribute to waste volume, such as sodium and aluminum. A receptor structure whose shape
and electronic characteristics are complementary to those of a guest species will bind selectively to the
guest species if the binding interaction is sufficiently strong in the medium in which it occurs. The
binding interactions from the receptor or host originate from collections of donor atoms held in space by a
superstructure of linking groups. The superstructure may be a molecular framework constructed of all
covalent bonds, but it can also involve self-assembled frameworks constructed partly from weak bonds,
such as coordinative interactions, H-bonds, pi-pi stacking, and the like. If the target guest species is a
cation, the donor atoms will be electron-rich ones, especially oxygen and nitrogen atoms. Likewise,
anion receptors consist of an array of electropositive groups, especially hydrogen-bond (H-bond) donors
and coordination sites on metal cations. Much of what is known about binding comes from research on
coordination chemistry (Wilkenson 1987) and supramolecular chemistry (Lehn et al. 1996). Still, we are
not yet at the stage where the thermodynamics of ion binding can be predicted, leading to the fundamental
question:

Question: Can the structure of complexes and the thermodynamics of complexation processes
involving small donor molecules and ions be predicted in condensed media?

5.2 Design of New Reagents and Materials

Appreciating the role of the matrix environment as just discussed, the applicable focus of research in
chemical recognition is properly the design of reagents and materials for selective binding of
contaminants and functional performance of the formed complex in either a separation or sensing. This
goal suggests the fundamental question:

Question: Can molecules and materials be designed to have predictable binding properties for target
contaminant species? Can functional attributes be incorporated into the molecular design so that the
designed receptors behave predictably in separations or sensing?

The suggestion that molecules can be “designed” itself raises philosophical issues (Jansen and Schon
2006) that will be sidestepped here by noting that human choices in the process of selecting and weighing
options and in applying human criteria seem to justify the use of this terminology. However, it may be
noted that a comprehensive design process that accurately predicts properties is still not practical and
remains a research endeavor of its own (Schmidtchen 2006). The “design” of chemical-recognition
agents as currently practiced consists of human creativity enlightened by sound chemical principles and
some computations where possible, but relying largely on experimentation involving iterative synthesis
and testing. As design by computational methods improves, a major goal will be to reduce or eliminate
the iterative experimental process such that preparative routes to hypothetical separation and sensing
materials can be identified without resort to trial-and-error synthesis research. In its present state, the
synthesis of new materials remains an art. Clearly, to realize the goal of design, the design process should
ultimately incorporate synthesis.

Given that receptors consist of donor atoms that can be positioned in space in a complementary way about
a guest species, the object of design becomes one of predicting optimal ways to arrange these donor atoms
and fix them in space within a framework that serves the dual purposes of binding and either separation or
sensing (Hay and Hancock 2001). Principles of supramolecular chemistry have taught that the greatest
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selectivity can be expected when the receptor is most complementary for the guest, and as this verifies
optimal interaction, it also maximizes the strength of the interaction (Lehn 1973). If the receptor is
sufficiently rigid that it cannot rearrange its structure to accommodate competing species, selectivity is
maximized. Rigidity also minimizes the enthalpic and entropic costs to organize the receptor, thereby
maximizing the binding strength. The receptor is said to be preorganized (Cram 1988).

At present, computer-aided design techniques for building molecules are being developed to begin
addressing such issues (Hay and Firman 2002), but the techniques are in their infancy. Predicting
behavior in condensed phases remains impractical, and the designs do not yet incorporate functional
aspects such as lipophilicity, which is needed for transport, or transduction, which is needed for sensing.
Designing solid-phase materials is an opportunity for research.

5.3 Chemical Recognition in Separations

Separation science as unified by Giddings (1991) entails the use of a wide variety of chemical and
physical phenomena acting alone or in combination to spatially resolve the components of a mixture.
Most often, this means that one component is transported into another phase or retained (as by a filter),
leaving behind the other component. In this context, receptor molecules or materials facilitate the
transport or retention and additionally make it selective. The types of separations (Ruthven 1997) are too
numerous to cover here. Relevant examples include resin ion exchange, inorganic ion exchangers, liquid-
liquid extraction, membrane transport, ultrafiltration, and selective crystallization, all of which can be
used for environmentally related applications. In each case, the receptor must be designed to function in
the particular configuration of the technique:

Question: How can receptors be designed to function efficiently in different types of separation
systems?

Thus, a crown ether could be designed to bind a particular metal ion, such as Cs" or Sr**, but it would
have to be lipophilic and soluble in organic solvents or ionic liquids, for example, to perform a liquid-
liquid extraction (Moyer 1996). Lipophilic groups can be added to the crown ring, but they can greatly
affect binding affinity and selectivity (Dietz et al. 1999), and thus, how to add the seemingly simple
lipophilicity very much becomes a design issue. In membrane transport, diffusion becomes an issue, and
design must take into account diffusivity of the receptor and its complexes (Chrisstoffels et al. 1999).
Crown ethers can also be employed in micelle-enhanced ultrafiltration as in liquid-liquid extraction, but
the receptor has to be compatible with micelle formation and binding in such structures. In other
applications, crown ethers can be appended to ion-exchange resin backbones or to the surface of inorganic
supports, but this requires identifying the proper covalent linking group and considering charge neutrality
in the ion separation. Although these examples focus on crown ethers, about which much is known for
binding of contaminants of interest, the principles learned apply broadly to other receptors.

Although it was discussed above how a crown ether could be used with modifications in multiple types of
separation systems, some receptor materials have no such analogs. These include solid-phase materials
such as crystalline silicotitanate (CST), a strong and essentially irreversible receptor for Cs" ion (Miller

et al. 1998). In some respects, the environment around the Cs” bound inside CST is very much like a
crown ether, but the inorganic framework is unique. Often, such materials are kinetically slow, and
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engineered forms have to be designed that offer the surface area needed for rapid uptake and yet have
structural stability.

Separation methods most often require the continuous recycle of the receptor material, which means the
material must undergo binding-release cycles. Exceptions include inorganic ion exchangers like CST,
which tend to irreversibly bind the target ion, and must be used as the final waste form. When release is
needed, it becomes a major aspect of receptor function, as important as the binding aspect. As such,
receptors must be designed to efficiently release target species without creating unacceptable volumes of
secondary waste.

Another desirable aspect of separation systems is achieving combined selectivity. An ideal
decontamination method for environmental applications is one that neatly removes all contaminants in
one step. Given that many if not most real contamination problems involve more than one contaminant, it
would lead to great savings if the recognition property could be tailored so that any desired selectivity
pattern could be “dialed-in” such that multiple contaminants could be removed in a single step.

5.4 Sensing and Analytical Methods

For sensing or analytical purposes, a fundamental question arises:

Question: How can reporter groups, such as fluorophores and chromophores, be coupled with
binding groups and tethered to surfaces to most efficiently signal binding without interfering with the
binding process itself?

Lehn early on conceived of recognition in terms of information storage, whereby binding represented the
input of information on the target species that could later be interrogated (Lehn 1973). That means that
the receptor has to be equipped with functionality that enables “read out.”

In the simplest analytical application, and the one perhaps most often used for measuring contaminant
concentration, the receptor material is employed as a separation agent that merely preconcentrates the
contaminant for subsequent elution and analysis by instrumental methods (e.g., radiometric counting,
inductively coupled plasma, mass spectrometry). An example is the use of extraction chromatography
(Dietz 2004), for example, employing a crown ether to preconcentrate *’Sr. In such cases, one is
interested in high selectivity and a good release mechanism that will accommodate subsequent recovery
of the contaminant in a suitable matrix. Some materials can be designed to be “read out” directly, perhaps
by radiometric counting, thereby obviating the necessity of an elution step.

For remote, unattended, or long-term monitoring purposes, sensors are needed that can translate the
binding event to a readable signal. Transduction principles vary widely, including, for example,
fluorescence, absorbance, scintillation, cantilever deformation, and interfacial potential. As in the case of
separation, the molecular structure of the receptor must be tailored so that the binding leads to the desired
response, and the reporter function, such as fluorophores and chromophores, can interact strongly with the
binding function (Johnson 2003). Research is also needed to understand the effect of tethering of receptor
molecules to surfaces on binding properties because many examples arise wherein the receptors must be
tethered to a surface (Flinck 2000).
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5.5 Interactions at Solid Interfaces

Recognition at solid surfaces can be viewed as a matrix phenomenon or an intended separation or sensing.
As mentioned above, the contaminants of interest may be already tightly bound to a surface or embedded
in a solid material, and the object of the decontamination will be to disrupt the binding and possibly
replace it with that of a separating agent. The problem of contaminants on solid surfaces is especially
difficult, justifying the following question:

Question: What is the structural nature of contaminant species on or in complex solid materials, such
as building materials, soils, and metals, and what chemistry can be applicable to its forced release?

Significant budget is scheduled to be expended in deactivation and decommissioning of old DOE
facilities in the coming years, including closure of HLW storage tanks, buried transfer lines, and treatment
facilities. Large volumes of contaminated materials will be need to be stabilized and sent to burial
grounds. Thus, opportunities for cost savings and environmental stewardship can be expected through
better decontamination methods to reduce source terms. This will require understanding how
contaminants are fixed onto the surfaces of tank liners, piping, equipment, hot-cell walls, fume hoods,
floors, etc. From a fundamental perspective, this task is daunting because of the complexity of the solid
matrices, involving multiple phases of a widely different nature, and adsorption processes for all
contaminants of interest must be understood for all phases. Some phases exhibit remarkable affinity for
ions, such as certain aluminosilicate phases in concrete for Cs’, making decontamination very difficult.

From the perspective of engineered sorbent materials for decontamination or sensing applications, it is the
object to design solid-phase materials that exhibit chemical recognition. One may approach this problem
by tethering receptor molecules to solid supports (e.g., silica, titania, polymers), invoking questions
suggested above. Even more challenging is the design of new porous materials in which the surface or
internal structure itself offers cavities that can selectively bind target ions (see above).

5.6 Recognition of Specific Contaminant Species

Certain contaminants in waste and decontamination applications within the DOE complex are so
commonly encountered that their chemistry becomes of specific interest in fundamental investigations
related to separations and sensing. These include, for example, cesium (*°Cs, *’Cs) and strontium (*°Sr),
both of which are high-yield fission products that are abundant contaminants and highly soluble and
mobile; *Tc, another high-yield fission product but with a long half-life and high mobility; uranium and
the actinides, especially Np, Pu, and Am; activation products, especially “°Co; and toxic metals, such as
Be, Hg, Cr, and Pb. As it is clear that the design of recognition agents must start with an understanding of
the properties of the contaminants, one may state the initial question in any problem investigation:

Question: What is the chemical speciation and bonding preferences of a contaminant of interest in its
matrix, including influences of shape and H-Bonding?

One must also understand, with the help of site managers and regulators, what is the goal of the separation
and monitoring and desired end state for the contaminant. Although these and other issues are not
relevant to fundamental science, they do serve to narrow choices of systems to study so that the end result
of research has the greatest chance for impact.
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Traditionally, most approaches to chemical recognition of contaminants have focused on cations such as
Cs" and Sr**, employing classical coordination chemistry (Wilkenson 1987), perhaps upgraded with more
modern computational methods (Hay 2001, 2002) and advances in synthesis of multidentate ligands, such
as calixarenes (Gutsche 1998). While there is much chemical knowledge here to draw from, optimal
ligands with the desired functional properties still have not been found. Recognition approaches typically
must discriminate based on cation properties such as ionic radius, softness, charge, and nonspherical
coordination (ligand-field stabilization effects). Shape is normally not a criterion, as most cations of
interest are monoatomic; a notable exception is the class of actinyl ions, like uranyl (UO,*").

Many contaminants of interest are anions (Lumetta 2004). A prime example is **TcOy, the ubiquitous
form of technetium in wastes (though some reduced forms are present in certain complexant wastes) and
environmental media. Chemical recognition approaches to environmentally relevant anions have been
discussed (Moyer et al. 2006) and involve different chemical challenges, among them the fact that, except
for the halides, anions are multi-atomic species and thus have shapes, introducing the necessity for shape
recognition. As well, given that anion binding is much less developed than cation binding, the
groundwork is still being laid regarding how they interact with electropositive groups, especially by
H-bonding (Bowman-James 2005).

Finally, a few remarks may be made about the need for chemical recognition and its place as related to
certain contaminants. Some separations and sensing chemistries are easy, as given to us in nature’s
ubiquitous selectivity patterns. For cations, well-known persistent selectivity patterns include the Irving-
Williams order for divalent first-row transition metals (Irving and Williams 1948) for which binding
affinity is strongly influenced by the splitting of the unfilled 3d orbitals; this order strongly favors Cu**
among competing transition metal cations. One may conclude that, supposing there was a problem
involving copper separation, research would not need to focus on the question of selectivity, as it is easy
to obtain with simple, known ligand systems, but rather more research attention needs to address
questions related to function. Persistent selectivity orders for cations also include the solvation bias
toward transfer of large, charge-diffused alkali metal cations from water to organic solvents, which thus
favors Cs" over the smaller competing ions Na" and K prevalent in DOE wastes (Moyer 1997). For
anions, the same type of bias, but this time favoring charge-diffused anions like TcO,", gives rise to a
persistent ordering of anions in anion separation, referred to as the Hofmeister bias (Moyer 2006). These
solvation effects mean that no receptor is needed to obtain the desired selectivity for two common
contaminants, Cs" and TcOy4, as simple liquid-liquid ion exchange suffices well to obtain high selectivity
over competing ions. In fact, using receptors in these cases tends to decrease selectivity! Although no
receptor is needed when solvation bias can be exploited, solvation in itself represents a form of
recognition, and thus a lesson here is that recognition need not automatically imply the use of engineered
receptors. Nevertheless, properly designed receptors can fulfill needs regarding function that cannot be
fulfilled with ion exchange, and for such a reason, a calixarene-based extraction system has been found to
work well for scaled-up separation of Cs" from alkaline HLW (Moyer et al. 2005). It is clear, then, that
research on recognition as pertains to DOE environmental applications should be focused on questions
that are not well understood or that do not have currently good prototype embodiments.

5.7 Conclusions on Application of Chemical Recognition

Aspects of chemical recognition as it applies to DOE environmental problems have been reviewed from a
broad perspective, serving to identify questions that must be addressed for long-term transformational
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progress. Chemical recognition implies binding and function. Binding entails a selective chemical
interaction with a contaminant, resulting in the formation of a complex or transfer of the contaminant to
an interface or another phase. Function refers to the environmental purpose of separation
(decontamination) or sensing. Binding is a ubiquitous phenomenon regarding contaminants of interest, as
these are usually “bound” already in some manner in their contaminated matrices, and most separation or
sensing approaches involve some type of binding phenomenon put to work by design. Questions for
fundamental research may address binding and function separately to some extent, but generally, the two
must be dealt with as coupled phenomena. Often, chemical recognition implies the use of receptors,
either known or developed by design as a research objective, but receptors are often not needed. In
general, greater understanding of these aspects of chemical recognition can be expected to produce major
advances in addressing DOE environmental problems.
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6.0 Conclusion

This paper presents an initial attempt to frame fundamental questions of importance for reducing technical
risk in EM’s long-term mission. As with all areas of fundamental research, this requires ongoing
discussion as new discoveries are made, and new challenges are encountered. The authors encourage
feedback from our colleagues in the community of scientists and engineers interested in nuclear
chemistry, materials science, and associated fields.® We look forward to an active dialogue on these
important questions and others that may be posed. As such, the final conclusion to this paper is yet to be
written.

(a) The authors would like to thank Albert Wagner and Diane Graziano at Argonne National Laboratory for their
review and valuable comments received during the preparation of this paper.
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