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SUMMARY

An “Off-Gas and Waste Forms Strategy Workshop” was held in Washington, D.C. on January 31,
and February 1, 2023, to review the current state of the art (baseline) technologies for capturing and
immobilizing these volatile radionuclides in waste forms (WFs). The discussions in that workshop were
used to develop a roadmap for future research and development to mature technologies that are presently
not ready for use in a commercial reprocessing facility and develop and demonstrate technologies that
provide more safety, more simplicity, or lower costs compared to the current baseline.

Relatively mature capture technologies are available for 3H and 14C, and cryogenic distillation has
been successfully used to capture Kr and Xe. Capture technologies for 3H in the form of tritiated water
include conventional condensation, wet scrubbing, and solid regenerable sorbent, followed by grouting
the captured water and placement, if needed, in a high-integrity container. Capturing 14C in the form of
14CO2 can be accomplished with wet scrubbing. The captured 14C can be converted into relatively
insoluble Ca14CO3 or similar low-solubility solids, and grouted. The Kr and Xe can be captured and
separated from each other in cryogenic distillation, after which the Kr can be stored in compressed gas
cylinders. Even these most mature technologies require integrated, high-fidelity, pilot-scale demonstration
to reduce the cost, schedule, and technical risk for a future aqueous reprocessing facility.

Solid sorbents have been studied as potentially simpler, lower cost and lower risk alternatives to
cryogenic Kr/Xe separations. Solid sorbents studied to date include hydrogen and silver mordenites in
polyacrylonitrile matrix (HZ-PAN and AgZ-PAN) and metal organic frameworks (MOFs). Further
research and development (R&D) is needed to develop and demonstrate solid sorbent performance and
capabilities for capturing and separating Kr and Xe under prototypic off-gas compositions.

Silver nitrate coated ceramic supports have been used in the past to chemisorb iodine from the off-gas
streams in reprocessing facilities; but these materials did not reliably meet the current more-stringent
removal requirements in the U.S. Silver mordenite is currently considered a baseline technology for
iodine capture in the U.S. because it has been shown to achieve the needed iodine removal efficiency.
Iodine capture and WF technologies still require R&D, including high-fidelity pilot-scale testing, to
reduce cost, schedule, and technical risk for a future aqueous reprocessing facility. Various iodine WFs
have been studied, with the primary focus on WFs that are durable, leach-resistant, and can be produced
at lower temperatures or higher pressures to retain, rather than revolatilize, the chemisorbed iodine.

Voloxidation of used nuclear fuel prior to aqueous processing may simplify the design and lower the
cost of a reprocessing facility. Voloxidation variants are being studied to volatilize a significant fraction
of one or more of the volatile radionuclides into a single gas stream rather than multiple gas streams,
which would simplify volatile radionuclide control. Voloxidation is also being studied to oxidize the
used fuel and may enable the oxidized fuel to be directly dissolved into an organic solvent rather than first
into aqueous HNO3 solution. If successful, this would eliminate the first solvent extraction step. Further
R&D is needed to address performance, system design, and operating conditions. In the near term,
research is needed to determine the applicability of voloxidation to fuel recycling and, if viable, lay out a
development plan.

Research and development of real-time, highly sensitive 129I analysis should accompany future 129I
capture R&D. If 129I analysis technology with higher sensitivity can be developed in parallel with iodine
control technologies, the performance of the iodine control technologies can be better evaluated for use in
a reprocessing plant.

New potential sorbents have been identified for 85Kr and 129I. Some show promise under theoretical or
idealized conditions but have not yet been developed to the degree that cryogenic Kr and Xe capture and
separation and AgZ chemisorption of iodine have. In general, these new sorbents are in the early stages of
development, and their technology readiness level (TRL) is generally low. While researching new
technologies may provide alternatives to more mature technologies, future R&D should focus on
advancing and filling in data gaps on the existing and most mature technologies, including the
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demonstration of viable WFs and advancing the TRL through large-scale demonstrations and testing
under high-fidelity conditions.

Long term R&D (out to 25–100 years) should continue on less mature or even currently unknown
technologies to lower the costs and risks of UNF reprocessing. Some workshop participants suggested
multiradionuclide sorbents and WFs. These are currently not technically possible considering the
differences in the chemical, physical, and radiological properties of the four volatile radionuclides.
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TECHNOLOGY DEVELOPMENT ROADMAP FOR
VOLATILE RADIONUCLIDE CAPTURE AND

IMMOBILIZATION

1. INTRODUCTION
Reprocessing used nuclear fuel (UNF) is an option for recovering the valuable materials contained in

UNF. During used fuel reprocessing, some of the radionuclides generated during irradiation in a nuclear
reactor are volatile and must be removed from the off-gas streams (Jubin and Strachan 2015; Jubin et al.
2016) in order to meet United States (U.S.) radionuclide emissions regulations. The four volatile
radionuclides of primary concern are 3H, 14C, 85Kr, and 129I. Methods and materials to remove these
radionuclides from aqueous reprocessing facility off-gas streams have been studied and reported on for
many years (e.g., Spencer et al. 2008; Spencer et al. 2017; Jubin and Spencer 2017; Spencer et al. 2018;
Banerjee et al. 2015; Thallapally et al. 2013; Garino et al. 2011; Chapman et al. 2010; Patton et al. 2014;
Riley et al. 2016; and Soelberg et al. 2013).

This report is a summary of the results of an “Off-Gas and Waste Forms Strategy Workshop” held in
Washington, DC January 31–February 1, 2023. Workshop attendees included researchers in volatile
radionuclide capture and WFs from several national laboratories, including Argonne National Laboratory
(ANL), Idaho National Laboratory (INL), Oak Ridge National Laboratory (ORNL), and Pacific
Northwest National Laboratory (PNNL), with Department of Energy (DOE) Office of Nuclear Energy
(NE) managers for the Material Recovery and Waste Form Development Campaign, the DOE office
through which this research is authorized. More information about this workshop is provided in
APPENDIX A–F, including lists of in-person and online attendees and presentations made during the
workshop. Attendees reviewed the current state of the art (baseline) technologies for capturing and
disposing of these volatile radionuclides and developed a roadmap for future research and development
(R&D) to mature technologies that have been recently studied, increase efficiency, simplify, or reduce
costs compared to the current baseline technologies, and identify opportunities for future new
technologies. This report documents the roadmap developed as a workshop output.

This roadmap provides near, medium, and long-term objectives to enable simpler and less costly
means to meet the volatile radionuclide capture and disposal requirements for future and advanced
aqueous reprocessing plants. This roadmap outlines a logical sequence of R&D activities needed to
achieve this vision of a simpler and less costly reprocessing system. It includes developing technologies
for removing compounds bearing any of the four volatile radionuclides from reprocessing facility gas
streams before the facility stack and for disposing them as appropriate waste forms (WFs).

The overarching vision of this roadmap is to develop and demonstrate volatile radionuclide capture
technologies and associated WFs for the next-generation reprocessing plants that potentially reduce the
facility size and associated capital and operating costs. Rethinking the entire headend portion of the
facility may be required. The following objectives or results are herein proposed:

 Capture the volatilized radionuclides with sufficient efficiency to achieve the decontamination
factor (DF) needed to meet existing regulatory requirements

 Develop WFs for each of the four volatile radionuclides that meet repository acceptance criteria
with minimal processing

 Develop online sensors that provide real-time measurements of the volatile radionuclides to
demonstrate designed performance objectives and DFs

 Simplify reprocessing plant headend to minimize solids handling and control fine particulate
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 Release all volatile radionuclides that require abatement into a single off-gas stream sufficiently
to eliminate the need to treat any other off-gas stream in the reprocessing plant.

1.1 Limitations and Assumptions of This Roadmap
The scope of the workshop focused on producing a useable product within two days, and so was

limited to addressing the current and future inventory of commercial light water reactor used fuel in the
U.S.:

 Aqueous reprocessing.

 Uranium oxide (UOx) fuel from light water reactors (LWRs).

 Processing of 5-y cooled, 60 gigawatt-day per tonne (GWd/t) fuel used to determine radionuclide
content.

 Durable and leach-resistant WFs for longer-lived 14C and 129I, which require geologic disposal
based on current regulations.

 Shorter-lived 3H and 85Kr require isolation consistent with their shorter half-lives.

Most of the DOE-sponsored off-gas technology research over the past two decades has used these or
similar assumptions. Figure 1-1 shows how the four volatile radionuclides tend to partition during
aqueous used fuel reprocessing into different off-gas streams. Most of the iodine evolves into the
dissolver off-gas (DOG); but the expected DFs needed for 129I are high enough that iodine capture may be
required in practically every off-gas stream. Tritium disperses through all aqueous streams and into any
gas streams that evolve from the aqueous streams. Noble gases (Kr and Xe) and 14C evolve mainly into
the DOG.

If this roadmap can be used to advance the maturity of current technologies, then when a mission
need for an aqueous reprocessing facility is determined (Critical Decision 0 according to DOE Order
413.3B [DOE 2023]), these technologies would be available for a technology demonstration of the
integrated processes.

A goal of a development program for volatile radionuclide capture and WFs is to achieve a level of
development to support an assignment of Technology Readiness Level (TRL) of 6 as described in
APPENDIX E and DOE G 413.3-4A (DOE 2015):

Engineering-scale models or prototypes are tested in a relevant environment. This represents a
major step up in a technology’s demonstrated readiness. Examples include testing an engineering
scale prototypical system with a range of simulant.a Supporting information includes results from
the engineering scale testing and analysis of the differences between the engineering scale,
prototypical system/environment, and analysis of what the experimental results mean for the
eventual operating system/environment. TRL 6 begins true engineering development of the
technology as an operational system. The major difference between TRL 5 and 6 is the step up from
laboratory scale to engineering scale and the determination of scaling factors that will enable
design of the operating system. The prototype should be capable of performing all the functions
that will be required of the operational system. The operating environment for the testing should
closely represent the actual operating environment.

This roadmap for off-gas control for aqueous UNF reprocessing of used LWR UOx fuel can be a
template or example for roadmapping off-gas control R&D for other used fuels, reactor types, and fuel

a Simulants should match relevant chemical and physical properties.
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cycles that may be implemented in addition to, or instead of, aqueous reprocessing of used UOx fuel from
LWRs.

Figure 1-1. Dispersion of volatile radionuclides into aqueous used fuel reprocessing facility off-gas
streams.

Volatile radionuclide capture and WF technologies are at various levels of development. Some
volatile radionuclide capture technologies are mature and available for inclusion in UNF reprocessing
facility designs with little added R&D. However, an integrated, high-fidelity, pilot-scale demonstration of
these more mature technologies is needed to prove and optimize performance and provide final design
and economic data for a specific future reprocessing facility design. Such testing would provide data for
the facility design to achieve the needed DFs, selectivity (that can affect WF performance and
disposability), sorbent capacities, and tolerance of the technologies to deleterious effects, such as
chemical, physical, or radiological degradation.

The R&D for volatile radionuclide capture and WFs can progress in a tiered fashion as needed. Some
technologies are ready for integrated, high-fidelity, pilot-scale demonstration and inclusion in a current-
generation aqueous UNF reprocessing facility, while potentially lower cost or lower risk technologies can
be further investigated for a next-generation reprocessing facility.

This roadmap is based on currently known technologies. Advances in technology continue that may
change the trajectory of this roadmap. This roadmap is a living document that must be revised
periodically to incorporate those advances when they occur.

1.2 Decontamination Factor Targets
The DF refers to the control efficiency of a gaseous radionuclide control technology. For example, a

DF of 100 is achieved if the control technology removes 99% of that gaseous radionuclide from the off-
gas stream, DF = 100/(100-control efficiency).
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The target performance of a control technology is to achieve the DF needed to meet regulatory
compliance, ensure safety, and gain stakeholder acceptance of the reprocessing facility. Over the past two
decades, the authors of several studies have estimated the DFs needed to meet current regulatory
requirements (Soelberg et al. 2008; Jubin et al. 2012b; Jubin et al. 2012c).b Results from these studies are
summarized in APPENDIX C and in Table 1-1.

Table 1-1. Summarized volatile radionuclide DF targets.

Radionuclide

Order-of-
Magnitude DF

Range1 Regulatory Drivers
3H 10–1000 Dose to the public (maximum exposed individual or MEI)—

Code of Federal Regulations (CFR), Title 40, Part 190, Subpart
B, Section 190.10(a). This limits the annual dose equivalent to a
member of the public to <25 millirems to the whole body,
75 millirems to the thyroid, and 25 millirems to any other organ.

14C 1–30

85Kr 10–100 Dose to the public and entire uranium fuel cycle limits—CFR,
Title 40, Part 190, Subpart B, Sections 190.10(a) and (b). 40 CFR
190.10(b) limits the total quantity emitted per gigawatt-year of
electrical energy produced to <50 000 Ci of 85Kr, 5 mCi 129I, and
0.5 mCi combined 239Pu and other alpha-emitting transuranic
radionuclides with half-lives greater than one year.

129I 1 000–10 000

1. These values are for the reprocessing of commercial used UOx fuel.

Each of these DF ranges is necessarily broad because the actual DF requirements needed for a
specific future reprocessing facility can depend on various controllable and uncontrollable factors.
Uncontrollable factors include the applicable emissions regulations and stakeholder requirements.
Controllable factors include the degree of conservatism in the off-gas system design and the engineering
safety factors used to ensure that emissions are well, not just marginally, below the regulatory limits.

Some controllable factors can change DF requirements by a factor of two or more by affecting the
total dose to the maximum exposed individual (MEI). These include UNF burnup and cooling, the UNF
reprocessing rate, the reprocessing facility fence-line location (how close a member of the public can live
to the emission point and in what direction), the local meteorology, food sources for the surrounding area,
reprocessing plant stack design, and stack parameters such as stack gas velocity and temperature.

For these reasons it is impossible to assign a single DF value or a narrower DF range for these volatile
radionuclides. It could be argued for the short half-lived 85Kr and 3H isotopes that, if the UNF is cooled
for sufficient time prior to reprocessing, DFs needed for those isotopes could be reduced to one (no
control needed). This strategy would eliminate the need to capture 85Kr and 3H but would require cooling
the UNF for many decades prior to reprocessing (Jubin et al. 2012a). For this reason, prolonged storage is
not considered for the DF ranges above. A typical cooling time, if that approach were to be taken, is
10–20 half-lives or 120–240 years for 3H and 107–214 years for 85Kr.

If a potential technology cannot meet even the lower value of the DF ranges, other technologies
should be sought. Technologies that can meet the lower value in the DF range, but not the higher value in
the DF range, should be considered viable, but their use could impose constraints on the reprocessing
facility. Control technologies capable of meeting the higher value of DF ranges may reduce or eliminate
constraints on the facility, potentially allowing shorter UNF cooling times, faster reprocessing rates, more

bThe applicable regulations cover the allowable release(s) and the maximum dose, including to the thyroid. Doses to the
maximum exposed individual (MEI) were calculated with the EPA code CAP-88 (Rosnick 1992, 2007). Since 2012, the
CAP-88 code has been revised. Several comparisons of the 2007 version and the recent version have been made (Rhoads et
al. 2013; Farfan et al. 2013; Jannik et al. 2015; Stagich et al. 2017). Unfortunately, most of the volatile radionuclides of
concern in this roadmap are not evaluated in these references cited.



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 5

potential locations, and more flexible facility design.

1.3 International Radionuclide Air Emission Regulations
Radionuclide emission regulations in the U.S. differ in some respects from those in other countries.

First, other countries do not have the same regulation as in the U.S. Code of Federal Regulations (CFR),
Title 40, Part 190, Subpart B, Sections 190.10(b), in which the emissions of 85Kr and 129I are based on the
amount of electricity generated in the fuel cycle. Regulating 85Kr based on dose alone, and not on the
amount of electricity generated, can reduce the needed DF to 1–10 (Jubin et al. 2012c). This is why, in
other countries such as in the United Kingdom (UK) and France, the DF needed for 85Kr can be reduced
to one (no capture required). Thus, in other countries the uncontrolled release of 85Kr from a reprocessing
facility is within current dose limits.

According to the International Atomic Energy Agency (IAEA 2010) most other countries with, and
even some countries without, nuclear facilities generally follow the dose limits to the public
recommended by the International Commission on Radiological Protection (ICRP) shown in Table 1-2.
Some countries follow the ICRP recommended dose limit of 100 mrem/y, which is 4× higher than the
U.S. dose limit in 40 CFR 190.10(a), at 25 mrem/yr for NRC-licensed commercial facilities. Some
countries have lower limits, such as the Czech Republic (25 mrem/y) that are the same as the U.S. limit in
40 CFR 190.10(a).

Table 1-2. International Commission on Radiological Protection recommended dose limits (from Smith
1991).

Application

Dose Limit, mrem/y

Occupational Public

Effective dose 2000 averaged over 5 y (not to exceed 5000 in any year;
additional restrictions apply for pregnant women)

100

Annual dose equivalent in:

Lens of the eye 15 000 1500

Skin 50 000 (This limit is protective of stochastic effects; an added
limit is needed for localized exposures to prevent against

deterministic effects)

5000

Hands and feet 50 000 —

Some countries, such as the United Kingdom, have “dose constraints” that are lower than the
recommended international dose to the public limit of 100 mrem/yr, to reduce doses to As Low As
Reasonably Achievable (ALARA), and use Best Available Technology (BAT). Yet other countries,
including China and Slovenia, follow the recommended annual dose limit of 100 mrem/y, but allow a 1-
year exceedance of that limit, if the average dose over 5 years is within 100 mrem/y.

France, which operates the La Hague used fuel reprocessing facilities, uses compliance approaches
including BAT and extensive monitoring around the La Hague facility (IAEA 2010; European
Commission Directorate-General for Energy 2018).

Second, different U.S. regulations limit the dose to the MEI to either 10 mrem/y (10 CFR 20, just for
DOE facilities), 25 mrem/y (40 CFR 190, to the whole body, and also 75 mrem/y to the thyroid and 25
mrem/y to any other organ), or 100 mrem/y (40 CFR 61, with a compliance limit of 50 mrem/y). The
dose-based DF ranges in the previous section are based on the 40 CFR 190 limits for commercial, NRC-
licensed facilities, which a future U.S. reprocessing facility is presumed to be.
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The dose from 14C, when considered alone, is low enough that it does not need emissions control in
most countries, except in the UK, where a 14C DF of 100 is required, because that value is considered
ALARA with BAT. The DFs needed for 3H and 129I can be lower than those estimated for the U.S. For
example, no 3H capture is required in the UK, because of the expected high cost of 3H capture and
disposal, until such a technology as voloxidation can significantly reduce that cost. The “reduction
factors” for airborne emissions at the La Hague reprocessing facility are one for “gases” other than 3H, 15
for 3H, and nine for halogens + aerosols (Table 8 in IAEA 2010). Chronic public total dose measurements
around the La Hague facility range between 0.8 and 23 mrem/y, even without specifically capturing 85Kr
and 14C and with currently used 3H and 129I control technologies (Rommens et al. 2000).

Third, reprocessing facilities outside of the U.S. have used wet scrubbing and disposed of scrubbed
iodine in nearby oceans or rivers. In France, at the La Hague facility, the iodine is first captured when the
process gas stream is passed through an aqueous soda scrubber and further captured with silver mordenite
(AgZ) with a total DF that is unreported. The wet scrubbed iodine is disposed of in the sea (Yiou et al.
1994, Yiou et al. 1995, Zhou et al. 1993).

Typically, the DF values for the iodine removal are in the range of 50 to 150 (Gombert et al 2007;
IAEA 1987; Kawaguchi et al. 1983; Fukushima et al. 1983). At the Tokai Reprocessing facility in Japan,
a DF value of “about 100” was found for the removal of iodine on silver-exchanged zeolite (Kawaguchi
et al. 1983; Fukushima et al. 1983).

The iodine DF at the Rokkasho reprocessing plant in Japan (Satoh et al. 2019) is 250, achieved with
Ag-alumina iodine filters. The “Enforcement Order of the Law Concerning the Final Disposal of Specific
Radioactive Waste” (Cabinet 2000) defines metals used for adsorption of iodine and its compounds
contained in the air discharged from reprocessing facilities during spent fuel reprocessing as a target for
geological disposal. The captured iodine is intended for geological disposal as specified in the “Order for
Enforcement of the Law Concerning the Final Disposal of Specific Radioactive Waste” (Cabinet 2000).
Studies on an iodine WF for geological disposal have been performed (Inagaki et al. 2007; Inagaki et al.
2008) and Kawaguchi et al. (1983) show the AgX filter material going to the waste disposal facility,
where it is stored until it can be sent to geological disposal.

Japanese regulations stipulate that the effective dose outside the perimeter monitoring area should be
less than 1 mSv/year (100 mrem/y) (Prime Minister's Office 1971; Nuclear Regulation Authority 2015).
In addition, under the ALARA concept, the target is set at an effective dose of 50 μSv/year (5 mrem/y)
(Nuclear Regulation Authority 2013). At the Rokkasho Reprocessing Plant, radiation doses to the general
public are minimized by the diffusion of the off-gas after exiting the 150-meter-high stack (JNFL 2020).
Iodine remaining in waste solution is released into the sea through an ocean discharge pipe (JNFL 2020).
Carbon-14 as CO2(g) dissolved in solution is also disposed to the sea (Fukumatsu et al. 1999).

At the Wiederaufarbeitungsanlage Karlsruhe facility in Germany, DF values approaching 500 were
observed for AgNO3-based materials (Herrmann et al. 1993; Herrmann et al. 1997a; Herrmann et al.
1997b). These references indicate that iodine DF requirements were generally lower than current U.S.
requirements and ocean disposal was used for iodine-containing scrubber solutions.

In the case of Russia, the supposition was that high levels of dissolved concentrations of 129I in the Ob
River were from disposal, at least in part, of waste from the Mayak reprocessing facility into the Tobal
River (Cochran et al. 2000).

With lower iodine DF requirements, and with the availability of ocean and river disposal, wet
scrubbing for iodine capture is a viable technology in foreign countries. The U.S. has both higher
estimated DF requirements and no assumed river or sea disposal availability, which drives the need for
high-performance sorbents for iodine capture.
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2. CURRENT STATUS OF VOLATILE RADIONUCLIDE CAPTURE
AND IMMOBILIZATION TECHNOLOGIES

Different volatile radionuclide capture and immobilization technologies are at various levels of
maturity for use in used fuel aqueous reprocessing. A complete discussion is outside the scope of this
report; many cited references provide more detail. This status discussion is for the aqueous reprocessing
of used UOx fuels. Off-gas radionuclide capture technologies for other reprocessing technologies and
other used fuels are generally not as mature.

2.1 Tritium Capture and Immobilization
Tritium is generated during fuel irradiation from tertiary fission and the neutron activation of

contaminants, such as H, B, and Li (IAEA 2004). While a large fraction of the 3H is retained in Zircaloy
cladding, enough is released during reprocessing to require control (Jubin et al. 2016). It is readily
converted to tritiated water, 3H2O (T2O) and 3HHO (THO). Tritiated water can be condensed, scrubbed,
and sorbed on molecular sieve sorbents, as described by Law et al. (2015) and Vienna et al. (2015). These
water capture technologies are mature and used in many industries (nuclear and nonnuclear) worldwide.
However, a system that incorporates these water capture technologies has not yet been demonstrated
beyond System Readiness Level (SRL) 5, specifically for tritiated water capture during UNF
reprocessing, considering potential cosorption or interferences from other gas species in dissolver and
other off-gas streams, such as iodine, other halides, NOx, and organic species. These cosorbing or
interfering species may also affect potential tritium WFs.

2.2 Carbon-14 Capture and Immobilization
Carbon-14 is generated primarily though the neutron activation of the 14N present in trace levels in

both the fuel and cladding and the 17O in trace amounts in the oxide fuel (IAEA 2004). The primary
gaseous form of 14C is assumed to be CO2(g) to which the 14C is converted (if not already in that form)
upon the oxidation and dissolution of the fuel. The primary method for removing CO2(g) is caustic
scrubbing, as described by Law et al. (2015) and Vienna et al. (2015). The primary immobilization
material is CaCO3 or (Ba,Ca)CO3 (Haag 1982). Wet scrubbing is a mature technology but has not yet
been demonstrated specifically for 14C capture beyond TRL 5, considering the need account for cosorbing
or interfering species, such as NOx, and the need to produce a durable (Ba,Ca)CO3-bearing WF.

2.3 Krypton-85 Capture and Immobilization
Krypton-85 is generated as a fission product. As a noble gas, Kr is inert and does not readily react

chemically. It tends to partition to the DOG stream unless it is evolved earlier during reprocessing. While
the cryogenic capture and separation of both Kr and Xe has been done during aqueous reprocessing
(Brown et al. 1978), that process is expensive and complicated. Cryogenic Kr and Xe capture and
separation in the DOG stream would require the near-quantitative removal of gas species such as NOx,
CO2, H2O, and O2, that would condense and interfere with cryogenic Kr and Xe capture and separation.
Nitrogen oxides, CO2, and H2O, if not removed, would freeze and plug the process equipment. Oxygen
and ozone, formed by the radiolysis of oxygen in the presence of a high-radiation field at low
temperatures, pose an explosion hazard for the cryogenic distillation process. These considerations add
off-gas process steps that are unnecessary for noncryogenic Kr and Xe capture and separation processes.

The baseline Kr WF for both cryogenic or solid sorbent Kr and Xe capture and separation is storing
the captured Kr as a compressed gas in metal cylinders long enough for the 85Kr to decay to inactive 85Rb.
Rubidium with a melting point of 38.9C is potentially a liquid at storage temperatures and corrosive to
the Kr-containing canister material. However, Asmussen and Neeway (2020) determined that, while some
corrosion might occur, it is limited to the Rb in contact with the inside of the container.
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2.4 Iodine-129 Capture and Immobilization
Effective removal of 129I from off-gas waste streams requires high DFs (Jubin et al. 2013; Jubin et al.

2011, 2012a; Jubin et al. 2012c). Iodine chemisorption on AgZ is the current iodine capture baseline,
although silver functionalized aerogel (Ag aerogel) can also capture iodine. Other chemisorbing sorbents,
such as zeolites and metal organic frameworks (MOFs) that use other metals (Nenoff et al. 2012; Sava et
al. 2012) are also being studied as alternatives to reduce sorbent cost and eliminate silver (a hazardous
characteristic waste when disposed [EPA 2023]).

Wet scrubbing has also been used but is insufficient without downstream “polishing” with
chemisorption (Burger and Scheele 2004; Soelberg et al. 2013; Jubin and Spencer 2017). A sorbent bed
system containing silver mordenite cartridges has been installed for iodine capture in the Hanford Waste
Treatment and Immobilization high-level waste vitrification facility (Burger and Scheele 2004; Scheele
and Wend 2015). This facility has not yet been operated for actual high-level waste treatment.

Limited data are available on the use of silver-bearing sorbents in NO2 voloxidation off-gas streams
(Greaney et al. 2022a). The use of AgZ and AgNO3-impregnated alumina in NO2-rich off-gas streams is
currently being evaluated. Early results suggest that the NO2 will decompose when in contact with AgZ
and AgNO3 alumina, forming a nonlabile nitrate species. The decomposition may also compromise the
capture of iodine on the sorbent, but additional research is needed to understand how these sorbents will
perform in highly oxidizing environments.

Various iodine WF studies for iodine-laden, silver-bearing sorbents have been conducted over the
past decade (Matyáš et al. 2013, Bruffey and Jubin 2015, Matyáš and Walters 2015, Matyáš et al. 2016,
Ebert et al. 2016, Ebert et al. 2017, Asmussen et al. 2019, Asmussen and Ebert 2020, Ebert et al. 2021,
and Stariha et al. 2022). These studies included both experimental and modeling efforts. Various WF
production techniques have been studied, focusing on relatively low-temperature or high-pressure
techniques intended to retain the chemisorbed iodine as AgI during the WF production process.

Iodine capture on Ag aerogel has been successful. Converting the iodine-loaded Ag aerogel to a
durable WF has shown promise (Asmussen et al. 2019). Other Ag-containing sorbents have been
explored, including AgNO3-containing materials (e.g., AC-6120), that also show promise (Wilhelm and
Schuttelkopf 1972). Many other technologies have been evaluated for capturing iodine including non-Ag
materials containing other chemisorbing metals, like Bi, Sn, and Cu (Reda et al. 2021; Chong et al. 2022;
Zhou et al. 2022; Zhou et al. 2022); other sorbents utilizing non-chemisorbing approaches (i.e.,
physisorption) include activated carbon (Chebbi et al. 2022).

3. FUTURE TECHNOLOGICAL DEVELOPMENTS AND NEEDS
A workshop goal was to develop an outline for near term (up to 5 years) to longer term (25 years and

longer) research needs. In this report, those ideas are collated in a technology development roadmap over
those time periods. This is by no means comprehensive; future technological developments will certainly
alter this roadmap, but the major ideas discussed in the workshop are summarized. Detours are inevitable,
but the roadmap is intended to arrive at the same end point—a reprocessing facility that meets the needs
of the nuclear community while protecting human health and the environment.

One technology, voloxidation,c is under development that, if successful, could lead to a major
revision of the current plans for technological development. Voloxidation with NO2 (called in this report
“advanced voloxidation,” “NO2 voloxidation,” or “voloxidation” unless indicated otherwise [Del Cul et
al. 2013; Greaney et al. 2022a; Greaney et al. 2023b; Soelberg et al 2023]) as the oxidant (see Section
3.5) could lead to a change in the front end of a reprocessing facility, resulting in the consolidation of
several unit operations into a single unit operation. Voloxidation with NO2 gas is being studied to oxidize

c “Voloxidation” refers to the use of a gaseous oxidant (air, O2, or NO2) to oxidize the used fuel, volatilize the most volatile
elements, and chemically “pulverize” the used fuel, making it easier to dissolve.
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the fuel, converting it to a fine, more easily dissolved powder, and volatilize enough of the volatile
radionuclides to enable removing these radionuclides from a single gas stream, making treatment of other
gas streams unnecessary.

3.1 Tritium Capture and Waste Forms
A roadmap for tritium capture and WFs is shown in Figure 3-1. The shaded blocks in the roadmap

figures indicate which items are considered completed or partially completed at the time of writing.

Several assumptions have been made. First, because of the oxidizing aqueous reprocessing
environment, it has been assumed that the form of 3H in off-gas streams from aqueous UNF reprocessing
is tritiated water (3H2O and H3HO), rather than diatomic 3H2 or H3H. Tritiated water capture is
complicated by the abundance of process water starting in the dissolver. This makes capturing the tritiated
water expensive because it requires either isotopic separation of the tritiated water from the H2O or an
orders-of-magnitude increase in the amount of the tritium WF, which would contain mainly H2O with
only small amounts of tritiated water. This was a key driver in the initial development of the voloxidation
process (Goode 1973; Goode 1978; Jubin et al. 2009) to volatilize and capture the tritium before tritiated
water can contaminate downstream processes.

Second, it has been assumed that technologies for the capture of tritiated water are mature
technologies—capture with water condensation, wet scrubbing, and water sorption on regenerable
molecular sieve sorbents. Once captured, the water would be mixed with grout or cement to make a solid,
monolithic WF. The high mobility of tritiated water in grout limits the performance of this WF.
Depending on the classification and disposition for tritiated water, storing liquid tritiated water in
containers designed to isolate the tritiated water for sufficient time (perhaps 10–20 half-lives or about
123–240 years) for the tritium to decay in storage to levels below regulatory concern has been proposed.

Because tritiated water capture and WF technologies are considered relatively mature, no specific
tritium capture and WF R&D has been recently undertaken by DOE. However, advanced technologies for
tritium capture are being investigated for several applications other than UNF processing. These lower
TRL capture technologies are being investigated for a variety of applications from fusion to the operation
of heavy-water and molten-salt reactors (Forsberg et al. 2017; Kim et al. 2020).

Some uncertainties remain, depending on the off-gas stream and other gas constituents. Wet
scrubbing and sorbents are known (and often used) for capturing not just water but other gas constituents
that are scrubbable with aqueous solutions or compatible with sorbents for water capture.
Cocondensation, coscrubbing, and cosorbing of other off-gas constituents could affect the performance of
the scrubber or regenerable sorbent systems and could contaminate the grouted water WF with other
radionuclides (e.g., 129I) or contaminants that could affect the WF disposition. For example, the cosorption
of iodine on molecular sieve Type 3A has been studied for use in drying voloxidizer off-gas (Holland et
al. 1981); and sparging of dissolved fuel solutions to remove iodine has also been studied (Morgan and
Holland 1980). Specific uncertainties, depending on the off-gas stream and other gas constituents,
include:

 What other off-gas impurities could cocondense or be wet scrubbed along with tritiated water?

 What impurities cosorb or interfere with water sorption on sorbents such as molecular sieves?

 Will interference from other off-gas components affect water sorbent performance or sorbent
regenerability?
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Figure 3-1. Tritium capture and waste form roadmap.
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 Will cocaptured off-gas components affect the ability to produce a suitable tritium WF, and
could cocaptured radionuclides, such as 129I, affect the handling, waste classification, storability,
and disposability of the tritium WF?

 Should capture and recovery for economic use be considered for tritium and its decay product
3He? If so, would that change how tritium is captured and managed?

These uncertainties will need to be resolved for tritium capture and WFs in designs for aqueous UNF
reprocessing facilities. An optimal time to address these uncertainties is prior to or during high-fidelity,
integrated pilot-scale testing for the other volatile radionuclides and WFs. Until then, capture and WF
technologies for iodine and noble gases need further development so that they are also ready for
integrated, representative pilot-scale testing. This may be a higher priority than expending resources on
tritium capture and WFs.

3.2 Carbon-14 Capture and Waste Forms
A roadmap for carbon capture and WFs is shown in Figure 3-2. Several assumptions have been made

regarding carbon capture in the past decade. First, it has been assumed that 14C in aqueous reprocessing
facility off-gas streams could require capture based on conservative DF calculations, with a DF up to 30.
Depending on such conditions as 14C levels in the UNF, parameters that affect dose to the public from
radionuclide emissions, and the amount of the total dose to the public that can be attributed to 14C, 14C
capture may be unnecessary to meet radionuclide air emission regulations in the U.S. Carbon capture was
included in such studies as the Case Study (Law et al. 2015) for completeness, because under some
conditions, 14C capture and disposal may be required.

Second, it has been assumed that 14C evolved from the UNF would be in the form of 14CO2, because
of the oxidizing conditions during UNF dissolution.

Third, it has been assumed that technologies for the capture of CO2, and CO2 WFs, are generally
mature—capture via wet scrubbing in a moderately alkaline scrub solution, followed by reacting with
Ca(OH)2 to form precipitated CaCO3 (which also restores the solution alkalinity), and then grouting the
CaCO3 into an acceptable WF (Vienna et al. 2015). The very low solubility of CaCO3 or (Ba,Ca)CO3

contributes to the effectiveness of a grouted WF in retaining 14C.

Because wet caustic scrubbing and grouting WF technologies have been considered relatively mature,
no specific 14C capture and WF R&D has recently been undertaken in the U.S. However, some
uncertainties remain, including:

 What scrubber conditions ensure 14C capture with the needed DF?

 How could other off-gas components, such as NOx(g), interfere with or coscrub with the CO2,
for instance by changing the pH of the scrubber solution?

 Will cocaptured off-gas components affect the ability to produce a suitable WF, and could
cocaptured radionuclides affect the handling, classification, storability, and disposability of the
WF?

 Could solid sorbents be used to capture 14CO2 in addition to, or instead of, wet scrubbing, and
could the spent sorbents be converted into an acceptable WF?

These uncertainties need to be resolved for the inclusion of 14C capture and WFs in designs for
aqueous UNF reprocessing facilities. An optimal time to address these uncertainties is prior to or during
high-fidelity, integrated pilot-scale testing for the other volatile radionuclides and WFs. Maturing capture
and WF technologies for iodine and noble gases, so they are ready for integrated, representative pilot-
scale testing, may be a higher priority than expending resources for 14C capture and WFs prior to that
point.
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Figure 3-2. Carbon-14 capture and waste form roadmap.



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 13

3.3 Krypton-85 Capture, Noble Gas Separation, and Waste Form
A roadmap for 85Kr capture and separation with solid sorbents and a 85Kr WF, is shown in Figure

3-3. Two advanced technologies are available for Kr capture—HZ-PAN with AgZ-PAN and MOFs. It
may be easier to capture both Kr and Xe together, but the UNF contains about 10× more Xed than Kr. If
the Kr can be separated from the Xe (and from other gas constituents that could also cosorb with Kr and
Xe), the Kr WF volume can be reduced, hence the reason for separating Kr from Xe.

If solid sorbents can be used to capture and separate Xe and Kr at higher-than-cryogenic
temperatures, solid sorption may be able to replace cryogenic Xe and Kr capture and separation. Two
sorbent processes are currently being investigated as alternatives to cryogenic capture and separation. At
INL), sodium mordenite [(Na2,K2,Ca)Al2Si10O24·7H2O], is treated with acid to dissolve some of the Al
and tune the size of the zeolite cage into a hydrogen form. It is then bound with polyacrylonitrile (PAN)
to make an engineered bead form (HZ-PAN), for the Kr sorbent. The sodium mordenite can also be
converted to a silver form (AgZ) by treatment with an AgNO3 solution and bound in the PAN to form
engineered beads of AgZ-PAN. The AgZ-PAN sorbent is used at ambient temperatures to adsorb Xe
while leaving Kr, thus separating the two. The HZ-PAN sorbent is used at about 200 K to adsorb the Kr
from the resulting Xe-free off-gas stream. This separation has been accomplished with temperature-swing
operating conditions.

The use of HZ-PAN followed by Ag-PAN for Xe and Kr capture and separation is being investigated
as an alternative to cryogenic capture and separation to reduce complexity, cost, and risk (Nguyen et al.
2009; Garn and Greenhalgh 2013; Garn et al. 2014; Coopersmith et al. 2023; Torcivia et al. 2023;
Ladshaw et al. 2019; Welty et al. 2018).

In the second solid sorbent capture and separation process, another class of compounds is being
investigated at Pacific Northwest National Laboratory (PNNL) for capturing 85Kr are MOFs (Liu et al.
2014; Elsaidi et al. 2020; Gantzler et al. 2022; Thallapally et al. 2021). These materials are organic
compounds containing selected metals. These form lattices containing cages that can be tuned to
accommodate atoms of various sizes utilizing a molecular sieve approach similar to zeolites. Several
MOFs have been developed with a specificity for either Xe or Kr, but the overwhelming majority have a
higher Xe selectivity than for Kr when both are present in the gas stream. Like the HZ-PAN materials,
MOFs can be used to capture and separate the noble gases (Xe and Kr) from the off-gas stream at higher-
than-cryogenic temperatures. Among the many MOFs tested to date, two have been the best for capturing
and separating Xe and Kr. A calcium-based MOF [SDB = 4,4'-sulfonyldibenzoate, known as CaSDB]
was selective to Xe in the presence of other competing gases. Similarly, a partially fluorinated MOF with
copper as the metal nodes (FMOFCu) had Kr selectivity at -40 °C. By controlling the temperature, PNNL
demonstrated the ability to switch the Xe/Kr selectivity of FMOFCu.

These solid sorbent technologies are intended for use in capturing and separating noble gases at
higher-than-cryogenic temperatures, to eliminate the need to purify the gas stream of interfering species.
The sorbents are intended to be regenerable by pressure- or temperature-swing volatilization of the
captured Xe and Kr, so the same sorbent can be used in repeated sorption cycles. These technologies are
in the early stages of development with TRLs ranging from 1–3, depending upon the sorbent.

d The radioactive Xe isotope with the longest half-life of 36.4 days is 127Xe. Ambient air contains about 100× less Xe than Kr by
volume (about 7× less by mass).
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Figure 3-3. Krypton-85 capture and waste form roadmap.
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 For both the mordenite PAN and MOF materials, significant development is needed before a
decision can be made to select, scale-up, and deploy either of these technologies. Future work is
needed to understand the sorbent selectivity and capacity when exposed to off-gas compositions
typical of those expected in a reprocessing facility

 Improve the capacity, selectivity, and kinetics near room temperature

 Improve Kr selectivity

 Improve mechanical stability (new sorbents)

 Evaluate desorption conditions

 Determine how many sorption and desorption cycles are possible before the sorbent capacity
degrades to less than optimum for use in an operating facility

 Improve the radiation and mechanical stability with minimal loss of capacity

 Determine what WF options are possible

 Determine what other off-gas impurities could cosorb or interfere with Xe and Kr sorption,
sorbent regenerability, or WF properties

 Evaluate multiradionuclide sorbent systems.

The base case 85Kr WF is storage in compressed gas cylinders. An alternative WF is a MOF- or
zeolite-filled gas cylinder. A canister filled with sorbent may allow more Kr to be stored at the same total
pressure. Scaling production of HZ-PAN and MOF to the scale needed for use in industrial facilities is a
challenge yet to be addressed.

Another alternative for immobilizing 85Kr is ion implantation in ceramic matrices, like SiC, where
loadings of up to 9.3 mass% were demonstrated (Tingey et al. 1979a; Tingey et al. 1979b; Tingey et al.
1980; Tingey et al. 1982a; Tingey et al. 1982b; Strachan et al. 2011).

3.4 Iodine-129 Capture and Waste Forms
A roadmap for iodine capture and WFs is shown in Figure 3-4. Iodine capture research has been

conducted for the past half-century. During the last decade, efforts have been focused on sorbents that
contain Ag to chemisorb iodine, thereby improving both iodine capacity and DFs. Two sorbents have
been developed to bench scale, AgZ and Ag aerogel, for use in DOG and vessel off-gas (VOG) streams.

Other iodine capture concepts, such as wet scrubbing and AgNO3-coated ceramic supports, are
reportedly insufficient to reliably meet expected 129I DF requirements (Burger 1991). While the target 129I
DF range in the U.S. is 1000–10 000, Savannah River National Laboratory (SRNL) and Hanford silver
nitrate iodine reactors and wet scrubbing achieved DFs ranging between about 100–1000 ((Burger 1991,
Burger and Scheele 2004). At the Wiederaufarbeitungsanlage Karlsruhe facility in Germany, DF values
approaching 500 were observed for AgNO3-based materials (Herrmann et al. 1993; Herrmann et al.
1997a; Herrmann et al. 1997b).

The differences in performance between AgNO3-based sorbents and AgZ and Ag aerogel sorbents
may be due to the different chemical form of silver. Differences in the sorbent configurations, with
different sorbent and AgNO3 substrate physical configurations and surface areas, can cause differences in
gas-solid contacting and gas-solid mass transfer.
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Figure 3-4. Iodine-129 capture and waste form roadmap.



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 17

Alternative capture concepts continue to be proposed and studied, including (a) concepts such as wet
scrubbing followed by a polishing sorbent, (b) sorbents containing metals other than Ag (to lower cost
and improve disposability), and (c) sorbents that are potentially regenerable. Development programs for
these concepts are ongoing, either directly funded through DOE, or funded in collaborations with
universities through the Nuclear Energy University Program (NEUP) and Small Business Innovation
Research projects. These alternative sorbent technologies are less mature than AgZ and Ag aerogel for
iodine capture.

Potential WFs for spent iodine-laden sorbents can be made by processes such as hot isostatic pressing
or hot uniaxial pressing to form a consolidated, dense material in which the iodine has been retained.
Characterization of mordenite-based and aerogel-based WFs has shown micrometer-sized AgI particles
form during processing that are micro-encapsulated in a matrix of various silicate phases. The sparingly
soluble AgI particles and silicate matrix provide a durable WF. If iodine is still mobile in grouted WFs,
they may be limited to disposal in a salt repository or may require containment in a high-integrity
container (HIC). Even though no U.S. nuclear waste repository is available currently, an iodine WF is
needed so that it does not become a hindrance to the construction and licensing of the reprocessing
facility.

Further research on iodine sorbents and WFs is needed to provide data on sorption performance under
various conditions and to evaluate WF options and to eventually select the most promising iodine sorbent
and WF combinations for further development.

Several types of low-temperature WFs could be further developed for the immobilization of iodine.
Iodine-loaded sorbents can be encapsulated into physically and chemically robust cementitious WF or
polymer matrices, which allow incorporation through processes such as polymerization, melt blending, or
chemical crosslinking. Polymer-based WFs offer versatility in terms of tailoring properties and can
accommodate a wide range of materials. Both can provide good chemical durability and long-term
stability. The selection of a specific low-temperature WF depends on factors such as the type and
composition of the iodine-loaded sorbent, regulatory requirements, long-term stability considerations, and
the desired disposal method. Each WF has its advantages and limitations, and extensive research and
testing should be conducted to ensure the suitability and safety of the chosen waste immobilization
approach.

Integrated pilot-scale testing with more representative surrogate or real gas streams, integrated into a
more complete off-gas system, is needed to demonstrate and optimize the iodine capture and WF process
performance, develop a more credible engineering design, and confirm the potential costs associated with
the incorporation of iodine capture and WFs into a reprocessing facility (Greaney et al. 2022c).

3.5 Voloxidation
Several studies have described the NO2 voloxidation process and reviewed the advantages of this

advanced voloxidation compared with other processing methods (Del Cul et al. 2013; Greaney et al.
2022a; Greaney et al. 2022b; Soelberg et al 2023). Some of these studies have tested NO2 voloxidation in
shielded facilities with SNF (Johnson et al. 2013; Johnson et al. 2017). However, questions remain as to
the effectiveness of advanced voloxidation, especially for the evolution of volatile and semivolatile
fission products (Greaney et al. 2022b).

The quantitative release of tritium during conventional voloxidation (O2-based, ~600 °C) and
advanced voloxidation (NO2/O2-based, ~350 °C) has been well documented. Conventional voloxidation
has been shown to release >99.9% of the tritium in the fuel but may not release tritium trapped as
zirconium hydride deep within the cladding (Uchiyama et al. 1992). Quantitative tritium volatilization
and its capture on silica gel was demonstrated with tritiated water in the advanced voloxidation process
(Jubin et al. 2019).



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
18 October 2023

The release of 85Kr from the UNF was studied during conventional voloxidation with O2 at Oak Ridge
National Laboratory in the Coupled End to End campaign (Jubin et al. 2008; Jubin et al. 2009). In this
program, two pieces of UNF rods were oxidized in an O2 atmosphere at 500 °C. In the first experiment,
43% of the 85Kr inventory was released; in the second experiment, 24% of the 85Kr inventory was
released. In each experiment, Kr release began as soon as the fuel was chopped at 100 °C.

In volatilization, the behavior of iodine is less understood. Iodine is likely present in the fuel as CsI
that thermally decomposes at 670 °C (Kulikov and Malyshev 1983)—a higher temperature than the
operating temperature of the voloxidation processes. Some iodine is volatilized in an as-yet unknown
gaseous species. Preliminary studies suggest that only 1% of the iodine may be released during
conventional oxidation (Goode et al. 1973) while more recent work suggests that >99.9% of iodine may
be removed during NO2 voloxidation per the following reaction (Johnson et al. 2013):

2CsI(s) + 2NO2(g) + O2(g) → 2CsNO3(s) + I2(g)

The fraction released may depend on the distribution of iodine through the fuel and access of the
oxidizing reagent to the iodine species. Further work is needed to quantify the efficiency of iodine release
during advanced voloxidation and the effects of NO2 on volatile fission products.

A decision about the feasibility of NO2 voloxidation and volatile radionuclide release and abatement
will require further testing with SNF (Greaney 2022a). This testing should include determining the
partitioning of fission products between the remaining voloxidized fuel, the remaining cladding, and the
voloxidizer gas stream. The products trapped in off-gas components also need to be quantified.

A roadmap for advanced voloxidation is shown in Figure 3-5. Advanced voloxidation can simplify
the plant design if it can evolve the volatile radionuclides to be captured in a single gas stream rather than
multiple gas streams and enable direct dissolution of the recyclable actinides into the organic solvent
rather than first into aqueous HNO3 solution (Goode and Stacy 1978; Bresee et al. 2012; Del Cul et al.
2013; Rudisill et al. 2019; Gogolski et al. 2022; Greaney et al. 2022b; Hall et al. 2022; Moyer and
Lumetta 2023; Soelberg et al. 2023). Trade-offs and current unknowns with this process include:

 Sufficient volatilization of the four radionuclides of concern has not yet been demonstrated. Recent
R&D indicates that voloxidation may not adequately volatilize all four volatile radionuclides
(especially 129I) with the needed efficiencies to prevent contamination of downstream process and
gas streams. However, sufficient volatilization of 3H alone (plus enabling direct dissolution) could
make voloxidation worth using because this process would limit the dilution of the tritium with
H2O and limit tritium contamination in downstream processes.

 In the voloxidation process, the UO2 fuel is oxidized and reduced to a very fine powder, a few
micrometers in diameter. Handling fine powders is difficult in hot cells and can lead to unexpected
down time for the process(es) taking place in that hot cell. A design for interfacing UNF chopping,
the voloxidizer, the dissolver, and cladding hull management has not yet been developed.

 Dissolution of fine UO3 powders in an organic extractant has only been demonstrated at small lab
scale. A number of reaction parameters at large scale may cause incomplete dissolution of the UO3

powder. Further, some fission products in the UNF are insoluble in organic solvent, which may be a
benefit in achieving early separation from the soluble actinides, but undissolved solids may present
new filtration challenges, especially if the undissolved material consists of even finer powder.

 Other elements may become volatile. For example, Ru in air at elevated temperatures forms volatile
RuO4 and must be removed before it condenses in or on system components and results in thermal
and radioactive hot spots in an off-gas system. The volatility of other elements during voloxidation
is also not well known.
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Figure 3-5. Advanced voloxidation roadmap.
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In the near term, research is needed to determine the viability of voloxidation and plan its
development. This research is needed to address the above-listed items and obtain the data needed to
design the voloxidation system.

Several options may be considered for designing the voloxidation system and integrating it into the
UNF reprocessing facility. Figure 3-6 shows one possibility for integrating the voloxidation system into
an aqueous headend process. Chopped fuel is transported batchwise from shearing into the voloxidizer
vessel, where batch voloxidation occurs. The cladding and voloxidized fuel are then transported
batchwise into the direct dissolver vessel. Direct dissolution into the organic solvent replaces the hot
HNO3 dissolution that is currently used. This eliminates the need for the traditional first solvent extraction
step in which recyclable actinides are extracted from the nitric acid.

Another possibility is shown in Figure 3-7 where direct dissolution might be done in the same reactor
vessel as the voloxidation. This eliminates the transfer of fines that would result if the fine fuel powder
were to be transferred from the voloxidizer to the dissolver vessel, as in Figure 3-6. This case has not
been tested at the laboratory scale; many process controls are yet to be determined and investigated.
Among the uncertainties yet to be investigated are the voloxidizer and dissolver vessel design,
construction materials that can tolerate both voloxidizer and dissolver operating conditions, transitioning
from gaseous high-temperature voloxidation to lower temperature solid and liquid dissolution in the same
reactor vessel, and managing (discarding or retaining) the voloxidizer gas.

Figure 3-6. Voloxidation in aqueous reprocessing headend.
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Figure 3-7. Combined sequential batch voloxidation and direct dissolution in same vessel.

Potential options for voloxidation gas management in a gas recycling system are shown in Figure 3-8
and Figure 3-9. In this case, separate vessels are used for voloxidation and NO2 regeneration, so each of
these operations can be performed at their separate, optimal temperature, residence time, stoichiometry,
and mixing conditions. The oxidized fuel and cladding are discharged batchwise to the direct dissolver as
in the first case (Figure 3-8) or remain in the voloxidizer for sequential dissolution (Figure 3-9). The
NO2-depleted voloxidizer gas is recycled through the NO2 regeneration reactor where O2 is added to react
with the NO to regenerate the NO2. While NO2 is the reactant in the voloxidation process that most
efficiently oxidizes the fuel, it is regenerated in the process, and O2 is the reagent that is consumed in the
voloxidation reactions.

Capture of volatilized radionuclides may occur in the recycle loop (Figure 3-8) or in the voloxidizer
off-gas system (Figure 3-9). The viability of capturing volatilized radionuclides in the recycle loop
depends on the compatibility of the control technologies (for tritiated water, 14C, 129I, Kr/Xe, and 106Ru)
with the high NOx and O2 voloxidizer gas. Additionally, if sorbents are used in the recycle loop, they
should not interfere with the voloxidation process by consuming the gaseous reagent (NO2).

If any capture technologies for volatilized radionuclides cannot tolerate the voloxidizer gas stream,
the high NOx and O2 levels will need to be reduced. If NOx and O2 removal is done in the recycle loop, it
reduces the value of having the recycle loop, because NOx and O2 would be destroyed or scrubbed from
the recycle gas, instead of regenerated and recycled. This may drive the need to capture volatilized
radionuclides in a vented slipstream or batch process as shown in Figure 3-9.
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Figure 3-8. Volatile radionuclide control in the voloxidizer gas recycle loop.

Figure 3-9. Volatile radionuclide control in the voloxidizer off-gas system.

If the NO2 regeneration kinetics are fast, and if NO2 regeneration conditions do not interfere with
voloxidation conditions and vice versa, then a separate NO2 regeneration vessel may not be needed, and
the voloxidation system may schematically look like that in Figure 3-10. In this case, both voloxidation
and NO2 regeneration occur simultaneously in the same vessel thereby eliminating the gas recycle.
Volatilized radionuclides would accumulate in the vessel resulting in the need for some or all of the
voloxidizer gas to be vented or purged through the voloxidizer off-gas system, where the needed off-gas
control would be performed. Options for the voloxidation gas discharge to the off-gas system may be
periodic, at the end of a voloxidation cycle, or as a continuous slipstream.
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Figure 3-10. NO2 regeneration and UNF voloxidation in single vessel without voloxidizer gas recycle.

3.6 Analytical Needs
Real-time monitoring is needed to track the performance of the volatile radionuclide capture systems

and determine the compliance of the reprocessing facility to applicable air emissions regulations. Current
online gas-phase analyses for 14C, Kr, Xe, and 3H have insufficient sensitivity to assure compliance in real
time to the projected DF requirements for a new reprocessing facility. Thus, research on analytical
instrumentation and techniques is needed to achieve the quantitation limits needed to show the real-time
compliance of anticipated regulatory requirements. This is especially true for 129I (not total iodine, just the
129I), because of the high DFs that are anticipated to meet these regulations. These high DFs result in very
low 129I concentrations. Development of online, real time, iodine measurement technologies with
sufficiently low quantitation limits would assure the public and the regulator that iodine control
technologies are sufficient and operating correctly. Being able to qualitatively identify the speciation of
the analytes would also be ideal.

Some iodine sorbent testing has been done by artificially spiking higher iodine levels just so the
needed DF can be demonstrated. This “spiking” approach is commonly done and is required in other
regulatory compliance projects, such as in Comprehensive Performance Tests for regulatory compliance
to Hazardous Waste Combustor Maximum Achievable Control Technology standards (CFR, Title 40,
Part 63, Subpart EEE, Section 63.1203) for the same reason—insufficiently low quantitation limits for the
available analysis technologies. However, spiking iodine to levels higher than expected in the actual gas
streams can bias the performance of the iodine control technology. Sorbent R&D could be improved if
sensitive, real-time monitoring can be used to measure sorbent performance.

Without sufficiently sensitive measurements, other methods to demonstrate reprocessing facility
regulatory compliance would be required, including:

 Collecting, often over one week to several months, a composite iodine sample that can be
concentrated enough to be quantified in a subsequent laboratory analysis. This does not provide
real-time compliance information, but it demonstrates facility compliance during that sampling
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period. This method is currently used in radioactive facilities for various radionuclides.

 Mass balances of input and output streams are used to demonstrate, by difference, the amount of
iodine released over time to the atmosphere. This is the most unreliable method of determining
regulatory compliance because of the inhomogeneity and inconsistency in the fuel entering the
facility. Currently, the location and chemical form of the iodine in the fuel is uncertain at best.
Therefore, this strategy is less likely to be acceptable to regulators and stakeholders.

It is envisioned that, in the future, iodine sorbents can also be utilized as sensors for detecting and
monitoring iodine in reprocessing off-gas streams. Sorbents can be functionalized or designed in such a
way that they undergo an observable change when they interact with iodine, allowing for sensitive and
selective detection. These observable changes could include color changes or fluorescence, detectable by
fluorescence spectroscopy. Fluorescent sensors offer high sensitivity and can be used for real-time
monitoring or automated systems.

The selection of the appropriate iodine sorbent and sensor platform depends on factors such as the
target application, sensitivity requirements, and desired detection method (e.g., visual, spectroscopic).
Additionally, careful consideration should be given to the stability, selectivity, and regeneration
capabilities of the sorbent for reliable and continuous sensing.

4. NEAR-, INTERMEDIATE-, AND LONG-TERM RESEARCH
PRIORITIZATION, SEQUENCE, AND GOALS

The sequence, prioritization, and near-, intermediate-, and long-term goals for off-gas and WF
research were discussed in the workshop. Potential goals for each of these timeframes were introduced in
a brainstorming group discussion. These goals were documented and organized by topic and timeframe.

Conceptually, these goals define a “vision” that future UNF reprocessing in the U.S. must differ from
previous reprocessing experience in the U.S. and worldwide. The design and function of a future
reprocessing facility used as a basis in this report may change depending on the target fuel cycle, UNF
storage concepts, and development of a permanent repository for spent fuel and separated waste streams
from reprocessing UNF. The vision for future R&D that could simplify and lower cost and risk for
reprocessing facility off-gas control is shown in Table 4-1.

Somewhat arbitrary timeframes were proposed in the workshop to assess technology development, as
illustrated starting in Fiscal Year 2023.e These timeframes were used to identify what R&D should be
pursued in general terms of soon (near term) and later (intermediate term) and to recognize the potential
for future (long term) breakthroughs in UNF reprocessing technologies.

The amount of research that can be conducted and achieved in these timeframes depends on the
availability of funding and other resources. Table 4-1 and subsections 4.1–4.3 imply that, given sufficient
funding profiles, the off-gas control and WF technology development can be achieved to start the design
and construction of an aqueous reprocessing facility with current off-gas control technologies in 10–20
years. If R&D for NO2 voloxidation and solid sorbent capture and separation of Kr and Xe are successful,
complexity and costs could be reduced in the design and construction of a more advanced reprocessing
facility in about 20–25 years. In the long term, new technology breakthroughs beyond currently known
technologies for reprocessing and off-gas capture (e.g., multiradionuclide sorbents) may enable further
simplifications or cost reductions in the 25–100 year timeframe.

e The year of the workshop and this roadmap document.
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Table 4-1. Future vision and potential timing for UNF aqueous reprocessing.

Vision Statements

Time
Range

R&D
Year

Range

R&D Support to Reach CD-1 For a Future Reprocessing
Plant:

With Current
Baseline or
“Case Study”

Technologies in
10–25 yr

(Section 4.1)

With
Voloxidation and

Solid Sorbent
Kr/Xe Capture

and Separation in
20–50 yr

(Section 4.2)

With Future
Technology

Innovations to
Further Reduce

Cost in 25–100 yr

(Section 4.3)

1. Demonstrate that capture technologies are efficient enough to meet regulatory
requirements and selective enough such that subsequent separation steps are
unnecessary. Near

term

0–3 X X X

2. Develop and demonstrate WFs for captured radionuclides that can meet expected storage
and disposal requirements.

3–5 X X X

1. Develop and demonstrate volatile radionuclide capture technologies and associated WFs
for the next-generation reprocessing plant that reduce the size and associated capital and
operating costs to those portions of the facility.

2. Develop voloxidation or similar processes to release all volatile radionuclides that
require abatement into a single off-gas stream to a sufficient degree that treatment of any
other off-gas stream within the reprocessing plant to recover them is unnecessary.

3. Simplify reprocessing plant headend operations to minimize solids handling and control
of fine particulates.

Inter-
mediate

term

5–10 X X X

4. Develop WFs for volatile radionuclides that require no additional processing of the
capture media. Ideally, the radionuclide-loaded sorbents can be effectively processed
with cost-effective and easily employed methods without the need for high heat,
reducing energy consumption and potential environmental impacts, and preventing the
loss of captured radionuclides. Develop online sensors that can be used in real time to
measure the performance of off-gas control technologies and to demonstrate that in-plant
off-gas control technologies are performing correctly and achieving the required DFs.

10–25   X X

1. Develop and demonstrate volatile radionuclide capture processes that effectively capture
two or more of the species of interest to reduce the number of unit operations. Long

term

25–50   X

2. Develop and demonstrate multiradionuclide WFs that can simplify and reduce costs for
storage and disposal.

50–100     X
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Achievement of any of this vision would help lower costs and risks for UNF reprocessing and help
enable reprocessing in the U.S. Some of these vision elements, especially multiradionuclide capture in a
single capture process or multiradionuclide WFs, may not be achievable in the near term, or ever, without
future technological breakthroughs.

4.1 Baseline (Case Study) Off-Gas Control and Waste Form Research
and Development

A roadmap is provided in Table 4-2 to illustrate the R&D needed for a baseline or “Case Study” UNF
reprocessing facility based on existing reprocessing technologies. This table is based on a baseline or
Case Study aqueous reprocessing facility that uses the most mature technologies currently available for
every operation (Law et al. 2015, Vienna 2015):

 Condensation, wet scrubbing, and sorption for tritiated water; grouted WFs (in a HIC if
necessary)

 Wet scrubbing for 14C in the form of 14CO2; cemented CaCO3 WF

 Cryogenic capture and separation of Kr and Xe; Kr compressed gas decay storage in metal
cylinders

 AgZ chemisorption for 129I; conversion of the spent AgZ into a durable WF.

New potential sorbents have been identified for capturing radionuclides such as 85Kr and 129I. Some
show promise under theoretical or idealized conditions but have not yet been developed to the degree that
cryogenic Kr and Xe capture and separation and AgZ chemisorption of iodine have. In general, these new
sorbents are in the early stages of development and their TRLs are generally low. While researching new
technologies may provide alternatives to more mature technologies, future R&D should focus on
advancing and filling in data gaps on the existing and most mature technologies, including the
demonstration of viable WF and advancing the TRLs through large-scale demonstrations and testing
under high-fidelity conditions.

In this roadmap, the more detailed information from Section 3 for individual volatile radionuclide
capture and WF technologies is summarized and integrated in a few lines. This roadmap includes the need
to complete R&D for the volatile radionuclide WF and to perform high-fidelity pilot-scale testing to
mature the above-listed technologies to at least TRL 6. The roadmap distinguishes the time periods
between now and when the mission need for a reprocessing facility is approved (CD-0) and between
CD-0 and “Alternative Selection and Cost Range Approval” (CD-1) (DOE 2021). Technologies should be
matured to at least TRL 4–5 before CD-0 and to at least TRL 6 before CD-1. Advancing technologies
beyond TRL 4–5 prior to CD-0 reduces technical, schedule, and cost risks. Advancing beyond TRL 4–5
requires radioactive lab-scale testing and nonradioactive pilot-scale testing for capture and WF
technologies.

The time duration between now (2023), CD-0, and CD-1 for a reprocessing facility, even with the
baseline (Case Study) technologies, remains unknown and depends on funding and national commitment
to proceed with UNF reprocessing. Thus, this time duration may include several of the near- and
intermediate-term timeframes. Assuming that the required funding can be available starting now, these
activities could be completed in about 7–15 years. This is sufficient to perform the needed off-gas control
and WF R&D needed by the time of CD-0 and CD-1 for a baseline or “Case Study” reprocessing facility.
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Table 4-2. Off-gas control and waste form technology R&D for a baseline or Case Study reprocessing facility.
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Tritiated water capture and WF technologies are considered relatively mature, and no specific tritium
capture and WF R&D has been recently undertaken by DOE. However, some uncertainties remain,
including potential for off-gas impurities to affect the wet scrubbing and WF for tritiated water, and
should capture and recovery for economic use be considered for tritium and its decay product 3He.

Wet caustic scrubbing of 14CO2 and grouting of the precipitated CaCO3 technologies have been
considered relatively mature, so no specific 14C capture and WF R&D has recently been undertaken by
DOE. However, some uncertainties remain, including scrubber conditions to achieve the needed DF, how
off-gas impurities might interfere with or coscrub with the CO2, and how coscrubbed off-gas impurities
might affect the WF performance, handling, classification, storability, and disposability.

These uncertainties need to be resolved to include 3H and 14C capture and WFs in designs for aqueous
UNF reprocessing facilities. An optimal time to address these uncertainties is prior to or during
integrated, representative pilot-scale testing for the other volatile radionuclides and WFs. Developing and
maturing the capture and WF technologies for iodine and noble gases, so they are ready for integrated,
representative pilot-scale testing, may be a higher priority than expending time and funding for 14C
capture and WFs prior to that point.

4.2 Near-Term Target Off-Gas Control and Waste Form Research and
Development

A roadmap is provided in Table 4-3 to illustrate the R&D needed to enable UNF reprocessing with
“Near-Term Target” technologies, as described in Law et al. 2015. Some technologies are the same as in
the Case Study—tritiated water and 14CO2 capture, and WF for the captured tritiated water, 14CO2, and Kr.
Near-Term Target technologies that show promise for reducing the size, complexity, and cost of off-gas
control for an aqueous reprocessing facility, including:

 NO2 voloxidation (or, if NO2 voloxidation is determined to not be feasible, at least air oxidation
that volatilizes the 3H)

 Capture of volatilized radionuclides in the voloxidizer gas stream

 Alternative 129I sorbents not based on Ag

 Solid sorbent capture and separation of Kr and Xe (instead of cryogenic capture and separation)

 Alternative 129I WFs

 Online, real-time monitoring of radionuclides, especially 129I, in the off-gas streams, sensitive
enough to enable determination of capture technology DFs and regulatory compliance.

Voloxidation, Ag aerogel, non-Ag iodine sorbents, and solid sorbent Kr and Xe capture technologies
are not as mature as the baseline technologies. These require lab-scale testing followed by high-fidelity,
integrated pilot-scale or larger testing. The TRLs for these technologies are three or lower. Maturing a
selection of these technologies to TRLs of six or higher could improve safety and reduce risk, complexity,
and costs for a “Near-Term Target” reprocessing facility (Law et al. 2015) that could be built in the
20–50 year timeframe (depending on R&D funding).

As in the baseline (Case Study), the WF technologies all require nonradioactive lab-scale testing to
optimize the WF chemical and physical properties, lab-scale testing with radioactive isotopes to evaluate
and determine how to control the impacts of radioactive isotopes in the WF, and provision and evaluation
of possible WF optimizations or alternatives. The selected and optimized WF require a pilot-scale
demonstration in conjunction with integrated pilot-scale capture technology testing to evaluate large-scale
WF production and the impacts, if any, of cosorbed species (such as iodine or NOx captured with tritiated
water or 14C).
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Table 4-3. Off-gas control and waste form technology R&D for a Near-Term Target aqueous reprocessing facility.
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This roadmap in Table 4-3 summarizes and integrates in a few lines the more detailed roadmaps
shown in Section 3 for individual volatile radionuclide capture and WF technologies. Advancing
technologies beyond TRL 4–5 prior to CD-0 reduces technical, schedule, and cost risks. Advancing
beyond TRL 4–5 requires radioactive lab-scale testing and nonradioactive pilot-scale testing for capture
and WF technologies either prior to, or after the approval of, the mission need (CD-0) for a reprocessing
facility.

The time duration between now (2023), CD-0, and CD-1 for a Near-Term Target reprocessing facility
remains unknown and depends on funding and national determination to proceed with used fuel
reprocessing. Thus, this time duration may include several of the near- and intermediate-term timeframes.
Assuming that the required funding can be available starting now, these activities could be completed in
about 10–25 years.

R&D of real-time, sensitive analysis techniques, especially for 129I in waste streams, is included in
this roadmap. Successful development of real-time, sensitive 129I analysis techniques can improve the
ability to demonstrate the performance of iodine capture technologies and could also be available for
demonstrating air emissions compliance for a reprocessing facility in real time.

4.3 Long-Term Off-Gas Control and Waste Form Research and
Development

The vision for long-term off-gas control R&D is to allow for the discovery and development of
currently unknown technologies to improve safety and reduce risk, complexity, and cost of UNF
reprocessing. As in the advancements in such areas as air travel, computer hardware and software, space
travel, and agriculture, advancements in nuclear fuels, reactors, and nuclear fuel cycles not yet conceived
today will facilitate changes in nuclear power generation and fuel cycle policies.

Workshop participants emphasized the need to evaluate multiradionuclide sorbents, capture
technologies, WFs, and sensor technologies. The idea of multiradionuclide sorbents and WFs is presently
inconsistent with chemical, physical, and radiological differences between the four volatile radionuclides,
hence the need for different sorbents, WFs, and disposal requirements. However, to the extent that these
multiradionuclide sorbents and WFs could be viable—perhaps only after new, future technologies
become available in the coming decades—they could further reduce the size, complexity, and cost of off-
gas control for aqueous UNF reprocessing.

It is impractical to roadmap such future R&D other than emphasizing that current R&D should
incorporate a level of effort to advance this long-term vision by funding limited long-term efforts in areas
identified in the workshop—multiradionuclide capture and WF technologies, advanced sensor
technologies, and other as-yet unknown technologies.

An intriguing and promising option is the development of sorbent materials with a hierarchical
structure or architecture at multiple length scales. Typically, a hierarchical sorbent consists of multiple
levels of porosity and surface chemistry that allow increased surface area, improved mass transfer, and
enhanced selectivity. The hierarchical structure is achieved by installing various functional groups onto
porous supports containing different types of pores, such as macro-, meso-, and micropores. The
macroscopic pores are relatively large voids that facilitate the flow of gas and prevent excessive pressure
drop, while the mesopores and micropores provide a high surface area for adsorption. This combination
of pore sizes and chemical functionality could enable hierarchical sorbents to effectively capture target
radionuclides from complex off-gas streams.

The design of hierarchical sorbents involves the selection of support and utilizing various techniques
to install active chemistry and optimal functional groups. Common materials used for hierarchical
sorbents include aerogels, xerogels, zeolites, activated carbons, MOFs, porous polymers, and composite
materials. The choice of a functionalization method depends on the specific requirements of the
application and the desired properties of the sorbent. Functionalization techniques may include treatment
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under supercritical fluid conditions, template synthesis, sol-gel methods, chemical vapor deposition, and
other methods that allow for the control of the distribution and concentration of functional groups.

Hierarchical sorbents have found applications in a wide range of applications, including gas
separation, liquid chromatography, water treatment, and environmental remediation. Their enhanced
performance, such as high adsorption capacity, improved selectivity, and fast kinetics, make them
promising future candidates for efficient sorption of iodine, for example, from reprocessing off-gas
streams.

More research should be focused on the development of low-temperature WFs designed to
immobilize and safely contain radioactive contaminants at relatively low temperatures, from room
temperature to 500 °C. A simple encapsulation of iodine-loaded sorbents into durable WFs is essential for
long-term storage and disposal. The low-temperature requirement ensures that the contaminated sorbents
can be effectively processed with cost-effective and easily employed methods without a loss of captured
radionuclides.

5. SUMMARY AND CONCLUSIONS
This report is a summary of the results of an “Off-Gas and Waste Forms Strategy Workshop” held in

Washington, DC on January 31–February 1, 2023. The workshop was held to review the current state of
the art (the baseline) technologies for capturing and disposing the volatile radionuclides and to develop a
roadmap for future R&D. Future R&D is needed to mature these technologies that are presently not ready
for use in a commercial UNF reprocessing facility. Future R&D is also needed to achieve better
efficiency, process simplicity, and lower costs compared to the current UNF reprocessing baseline.
Workshop attendees included researchers in volatile radionuclide capture and WFs from several national
laboratories, including ANL, INL, ORNL, and PNNL, and DOE-NE managers for the Material Recovery
and Waste Form Development Campaign, the DOE office through which this research is authorized.

The scope of the workshop, and this report, is limited to the aqueous reprocessing of used UOx fuel
from LWRs, but the technologies and roadmap may be applicable to other used fuels from other reactors
and fuel cycles. The assumed DF requirements are based on reprocessing 5-year-cooled, 60 GWd/t fuel.

The sequence, prioritization, and near-, intermediate-, and long-term goals for off-gas and WF
research were discussed in the workshop. These goals are summarized in a series of roadmaps that cover
the near term (3–10 years), intermediate term (10–25 years), and long term (25–100 years). Near-term
goals include:

 Demonstrate that the integrated performance of the most mature “baseline” capture technologies
will meet air emission regulatory requirements for used fuel reprocessing in the U.S. as soon as a
mission need for such a facility is determined.

 Develop and demonstrate WFs for captured radionuclides that can meet expected storage and
disposal requirements.

Intermediate-term goals include:

 Develop and demonstrate volatile radionuclide capture technologies and associated WFs for the
next-generation reprocessing plant that reduce the size and associated capital and operating costs
to those portions of the facility, while maintaining or improving the safety of the general public.

 Develop voloxidation or similar processes to release all volatile radionuclides that require
abatement into a single off-gas stream so that the treatment of any other off-gas stream within
the reprocessing plant to recover them is unnecessary.

 Simplify reprocessing plant headend operations to minimize solids handling and control of fine
particulates.
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 Develop WFs for volatile radionuclides that require no additional processing of the capture
media. Ideally, the radionuclide-loaded sorbents can be effectively processed with cost-effective
and easily employed methods without the need for high heat, reducing energy consumption and
potential environmental impacts and preventing loss of captured radionuclides.

 Develop online sensors that can be used in real time to measure the performance of off-gas
control technologies and to demonstrate that in-plant off-gas control technologies are performing
correctly and achieving the required DFs.

In the long term, future UNF reprocessing in the U.S. must differ from current methods in the U.S.
and worldwide. In short, advances must be made that result in far-reaching decreases in facility cost and
complexity while maintaining the safety of the general public. The vision for long-term off-gas control
R&D includes the discovery and development of currently unknown technologies to improve safety and
reduce risk, complexity, and cost of UNF reprocessing. Long-term goals may not be achievable without
future breakthroughs in R&D, such as:

 Develop and demonstrate volatile radionuclide capture processes that effectively capture two or
more of the species of interest to reduce the number of unit operations.

 Develop and demonstrate multiradionuclide WFs that can simplify and reduce costs for storage
and disposal.

Achievement of any of these goals would help lower costs and risks for UNF reprocessing and help
enable reprocessing in the U.S.
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APPENDIX A

WORKSHOP AGENDA

Off-Gas and Waste Forms Strategy Workshop
31 January 2023

8:20 – 8:30 Check in for participants

8:30 – 8:40 Welcome, Safety (comms check for virtual option) Ken M./ Kim G.

8:40 – 8:50 Introductions All

8:50 – 9:00 Workshop Goals and Desired Outcome(s) Ken M.

9:00 – 9:15 Description of Streams to be treated Nick S./Bob J.

9:15 – 9:30 Relevant Emission regulations and impacts Bob/Nick

9:30– 9:45 Waste Form and processing considerations Denis S.

9:45 –10:00 Previous flowsheet studies – current baseline thinking,

past plant experiences, opportunities, and changes Nick S./Bob J.

10:00 – 10:15 Where are we today? Review of criteria report findings Bob J./Nick S.

10:15 – 10:25 BREAK

10:25 – 11:00 Discussion on revisions to criteria to be used to evaluate

status of concepts All

11:00 – 12:00 Brainstorming on alternative flowsheets and

Technologies – What is missing / needed?

(~3-minute rapid-fire presentations by each participant

describing what they think is needed) All

12:00 – 13:00 LUNCH All

13:00 – 15:00 Brainstorming on alternative flowsheets and Technologies

– Alternate Technologies – advantages, limitations,

– What must the technology do to be impactful? All

15:00 – 15:20 BREAK

15:20 – 16:45 Brainstorming on alternative flowsheets and technologies

– Putting the pieces together - Impacts of alternate

technologies on flowsheets All

16:45 -16:55 Summary of the day’s work and goals for tomorrow Ken M.

17:00 Adjourn and exit building
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1 February 2023

8:20 – 8:30 Check in for participants

8:20 – 8:30 Comms check for limited virtual option) Bob J.

8:30– 8:50 Additional concept ideas All

8:50 – 9:20 Comparison of identified novel approaches to “baseline”

– Identify resulting future state vision

– Why is concept/technology important?

– How does this change the cost/safety of reprocessing? All

9:20 – 10:00 Gap evaluation of concepts using Criteria Document Tables All

10:00 – 10:20 BREAK

10:20 – 11:30 Identification of key research activities required All

11:30 – 12:30 Lunch All

12:30 – 14:30 Identification of key activities for the 3-10 yr roadmap

– Drafting of detail/annotated outline of workshop report All

14:30 – 14:50 BREAK***

14:50 – 16:45 Identification of key activities for the 3-10 yr roadmap

– Drafting of detail/annotated outline of workshop report All

16:45 -16:55 Workshop Summary and next steps Ken M.

17:00 Adjourn and exit building – Safe Travels

Note: *** If unable to stay for the entire day, please make every effort to not depart before the
afternoon break



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
46 October 2023

APPENDIX B

WORKSHOP NOTES

31 January – 1 February 2023
In-Person Attendees: Bob Jubin, Denis Strachan, Nick Soelberg, Joanna McFarlane, Allison

Greaney, Kimberly Gray, Ming Tang, Stephen Kung, Praveen Thallapally, Pepa (Josef) Matyas.

Virtual Attendees (all day or in part): Amy Welty, Mitch Greenhalgh, Meghan Fujimoto, Brian
Riley, John Vienna, Bill Ebert, Sarah Stariha, Jim Willit, Bill Del Cul.

31 January

 Started at ~8:30 am ET with participant introductions, review of agenda, and short presentation
reviewing workshop goals.

 Clarified workshop scope.

o Includes all four volatile isotopes 3H, 14C, 85Kr, and 129I.

o Aqueous reprocessing of uranium-oxide fuel.

o Broader scope such as pyrochemistry or tri-structural isotropic (TRISO) fuel could be
reviewed in the future.

 Overarching observations:

o If all volatile fission products (FPs) could be removed up front in one process, aqueous
reprocessing plant could be significantly simplified.

o Need to bear in mind waste handling, simplified processing is key.

o The permanent disposal repository design matters especially for the iodine waste form
(WF). The simplest would be a salt repository but we cannot pre-suppose that. So we still
need to support a durable leach resistant WF for iodine.

 Technical maturity for full-scale implementation in aqueous reprocessing:

o Iodine capture: 129I is the main iodine isotope of concern, 131I is assumed to be
sufficiently decayed prior to reprocessing. Details of iodine speciation and evolution
during reprocessing are poorly understood. This has driven research to target multiple
iodine species, both inorganic and organic. If pre-treatment is not pursued, improved
understanding of iodine evolution would be beneficial.

o Savannah River National Laboratory (SRNL) and Hanford silver nitrate iodine reactors
(Burger 1991, Burger and Scheele 2004), and wet scrubbing, achieve decontamination
factors (DFs) ranging between about 100- and 1,000. Current U.S. regulations require
DFs ranging between ~1,000-10,000 (depending on many factors) for a commercial
reprocessing plant. Current iodine capture lab-scale testing shows that Ag mordenite and
Ag Aerogel can achieve the needed DF range but tests so far used fairly simple
synthetically generated off-gas streams, only sufficient for Technology Readiness Level
(TRL) ~4 (lab tests), not yet at TRL ~6 (prototypical engineering-scale) that is needed to
advance to full scale.
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o Using voloxidation to evolve and capture iodine before it can contaminate downstream
processes is not mature (TRL ~2) and may not be able to achieve the needed DFs.

o Wet scrubbing of 14C in the form of CO2 is both efficient enough and technically mature
enough for implementation in aqueous reprocessing.

o Capture of tritium in the form of tritiated water with combinations of wet scrubbing,
condensation, and capture in molecular sieve is both efficient enough and technically
mature. But evolution and capture in one step (voloxidation) to prevent tritiated water
contamination in downstream processes is not mature, with a TRL ~2.

o Cryogenic 85Kr capture and separation is mature and has been done in commercial gas
industry and during aqueous reprocessing at INL, but includes hazards, complexity, and
is costly for aqueous reprocessing. Kr-85 capture and separation with alternative
technologies (sorbents) is not mature, TRL ~3, and performance including capture
efficiency, separation efficiency, loading, and operating conditions is not as optimized as
for iodine capture. Kr-85 WF (compressed gas cylinders for decay storage) is a mature
technology ready for implementation but some issues, especially corrosion from decay
products, and management, commercial use, or eventual atmospheric discharge remain
uncertain.

o Voloxidation for gaseous fission product evolution and iodine control is not mature, TRL
~2-3. Voloxidation demonstration performance requires not only voloxidation testing but
also better characterization and speciation of gaseous fission products in used fuel. X-ray
diffraction (XRD) is not sufficiently sensitive for crystalline material, and not usable for
amorphous material. Other techniques that may be better include scanning electron
microscopy/energy dispersive spectroscopy SEM/EDS, SEM/transmissive emission
spectroscopy (TEM), and SEM/electron backscatter differential spectroscopy (EBDS),
such as at the Pacific Northwest National Laboratory (PNNL) Radiochemical Processing
Laboratory (RPL).

 There could be economic benefit to capturing tritium (isolated from other FPs) to capture the
decay product 3He which is currently in short supply for commercial uses.

 Iodine chemisorption sorbents can be poisoned by certain species, including SbH3 (stibene) from
the Zirflex process (used for aqueous dissolution of zirconium), and chlorine impurities in nitric
acid (AgCl is more stable than AgI). Stibene poisoning is not an issue for current or future
aqueous used fuel reprocessing. For nitric acid used in aqueous reprocessing with 100 ppm
chlorine, iodine and chlorine are present in the process at roughly equal amounts. This is a driver
for specifying halide-free nitric acid as much as practical.

 With krypton capture and storage, once it was stored would there ever be authorization to release?
Release would meet regulatory requirements after sufficient time for decay; but stakeholders
would need to accept and rely upon science to enable atmospheric release at that time.

 There is commercial value for both stable Kr and stable xenon.

 The vessel off-gas flowrate is nominally 10 times larger than the nominal dissolver off-gas
volumetric flowrate.

 Tritiated water is mobile in grout, so permanent disposal is assumed to require containment of
grout in HICs with adequate lifetime for tritium decay (this had been demonstrated with tritium-
producing burnable absorber rod ([TPBAR] getters and ion exchange [IX] resin). Storage of
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grouted tritium until sufficient decay may be possible without using HICs, depending on what the
eventual disposal option is. There are methods for isotopically separating tritiated water from
water, proposed by Energy Solutions and AREVA (now ORANO), to reduce tritiated water WF
volume, but these are not mature (TRL ~1-3), and are expensive and complex.

 Geopolymer materials could be alternatives where cement-based compounds are unacceptable

 Reprocessing only aged fuel would reduce the needed DFs for 85Kr and 3H, but this would
permanently constrain the reprocessing facility to only reprocess sufficiently aged fuel if it is not
designed to capture these isotopes in the off-gas streams.

 Ion implantation or encapsulation in sputtered metals have been evaluated for noble gases. This
process is expensive, technically complex, and results in a WF with low storage density.

 Although it would be desirable to reduce handling and have the capture materials also be disposal
materials, the nature of krypton selectivity for separation versus high-capacity storage are likely
exclusive.

 Krypton-85 storage is likely a remote process.

 High-capacity sorbents with high surface area may increase the capacity of a given storage
cylinder design.

 Iodine handling is likely shielded but worker accessible.

 Advanced voloxidation typically has NO2 concentrations ~50% (could be 60-70%), dissolver off-
gas typically has concentrations of ~1-3% NO2.

 A complete voloxidation system design including NO2 regeneration and capture of gaseous
fission products has not yet been built or tested. Multiple possible configurations have different
potential advantages, disadvantages, and risks. Further design and testing are required. Lab
testing to-date at Oak Ridge National Laboratory (ORNL) includes a closed loop system that
relies on rapid NO2 regeneration, without an NO2 regeneration reactor, so the recycle loop is the
NO2 regeneration reactor at that level of development. A complete voloxidation system design
must be based on more complete analyses of reaction rates, conditions, and stoichiometries to
achieve the required voloxidation performance, capture of gaseous fission products, and
management, control, transport of incoming used fuel and voloxidized product, control of
powders and fines, and integration with direct dissolution.

 Remote handling of powders can be problematic. It is desirable to avoid or limit powder
generation, especially very fine powders.

 Although not completely understood, it is estimated that most iodine in spent fuel resides as CsI,
with some in silver/palladium phases. Methods to elucidate iodine speciation in used fuel may be
beneficial, and SEM/TEM coupled with EDS analysis may be an option. Upcoming testing at
ORNL with CsI in simfuel.

 It is believed that in advanced voloxidation, the method of iodine removal is formation of Cs
nitrate and release of I2

 Iodine-bearing WFs are likely Greater Than Class C (GTCC) wastes.

 There is a data gap on speciation of iodine and Ru in a NO2 recycle loop. Ru may form volatile
RuO4 (40 C boiling point) via: Ru + 2NO2 + O2 = 2NO + RuO4, which may decompose to or
condense as RuO2 (1,200 C boiling point), which could then plate out throughout the recycle loop
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and off-gas system. This would cause process problems as the condensed RuO2 would result in
hot spots within the process equipment. We do not want Ru to get into the iodine capture bed as
that might push the iodine capture bed media to remote handling.

 A sensitivity analysis is needed on the metrics for sorbent materials to help inform and guide
development and innovation. Identifying critical “no-go” issues might also help clarify direction.

 To fully understand tritium behavior, improved data on the fraction of tritium in fuel matrix
versus cladding would be beneficial.

 What are current analytical methods typically employed for these off-gas species and what are the
gaps? For species requiring very high DFs (such as iodine), reliable measurement methods in the
10-100 ppb range will be required. These gaps should be addressed and resolved before we get
into hot cell testing.

 Lacking high confidence in the iodine inventory for U oxide fuel (both amount and location),
suggests that demonstrating the required DF for iodine in an operating reprocessing facility must
rely on the ability to detect iodine at very low concentrations and the preponderance of laboratory
data to provide confidence that the installed system achieves the required DF.

 A background literature review and summary discussion on the status of off-gas capture science
would be particularly useful to inform external scientists.

o There is sufficient, complicated background that a 1-day background workshop might be
helpful to bring externals up to speed.

 Setting up a lab with NO2 testing capability can be challenging. It may be beneficial for DOE to
arrange for external parties to have new sorbents tested in existing DOE or non-DOE laboratories.

o It may be beneficial to develop a list that could be shared with NEUP (or similar)
proposal applicants of existing laboratory testbeds (Brian, Joanna [ORNL], Amy [INL]).

 We need to evaluate the process monitoring needed to control voloxidation, what is state of the
art and where are gaps.

 Should consider a modular sorbent cartridge approach that could be tested at multiple sites.

 Possible WFs:

o For iodine, a low T polymer cement instead of high T processes that can evolve captured
iodine (Pepa Matyas).

o Switchable sorbents to evaluate via NEUP (Praveen Thallapally).
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APPENDIX C

WORKSHOP PRESENTATIONS

Used Fuel Aqueous Reprocessing Off-gas Streams (Nick Soelberg)

Off-Gas Emission Regulations and DF Requirements (Bob Jubin)

Waste Forms for Volatile and Semivolatile Radionuclides (Denis Strachan)

Previous Flowsheet Studies – Current Baseline, Plant Experiences, Opportunities, Needed Changes (Nick
Soelberg)

Off-Gas Treatment in Early Plants (Bob Jubin)

Where Are we Today? Review of Criteria Report and Findings (Bob Jubin)
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APPENDIX D

WORKSHOP RAPID-FIRE PRESENTATIONS



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
122 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 123



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
124 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 125



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
126 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 127



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
128 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 129



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
130 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 131



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
132 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 133



Roadmap for Capturing and Immobilizing Volatile Radionuclides from Aqueous Reprocessing
134 October 2023



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
October 2023 135



Technology Development Roadmap for Volatile Radionuclide Capture and Immobilization
136 October 2023

Overarching Ideas from Amy Welty:
1. Criteria:

a. No-go criteria – couple with revisiting sorbent performance criteria
b. Efficient information/data sharing
c. Failure sharing!!!
d. Create a healthy balance of research ranging from the outlandish notion to the applied

pilot scale
2. Fundamental:

a. Sorbent development for multi-component capture
b. Sorbent development for singular selectivity

3. Applied:
a. Leveraging existing test beds – at INL alone, we have Moran, MRPP, Beartooth, Pyro,

and others. Utilize each other’s strengths
b. Design and build a modular, coupled, mobile testbed
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APPENDIX E

TECHNOLOGY READINESS LEVEL TABLES

Table E-1. Technology Readiness Levels (from Table 1 of DOE 2015).
Relative Level
of Technology
Development

Technology
Readiness

Level TRL Definition Description
System
Operations

TRL 9 Actual system
operated over the full
range of expected
mission conditions.

The technology is in its final form and operated under the full range
of operating mission conditions. Examples include using the actual
system with the full range of wastes in hot operations.

System
Commissioning

TRL 8 Actual system
completed and
qualified through test
and demonstration.

The technology has been proven to work in its final form and under
expected conditions. In almost all cases, this TRL represents the end
of true system development. Examples include developmental
testing and evaluation of the system with actual waste in hot
commissioning. Supporting information includes operational
procedures that are virtually complete. An Operational Readiness
Review (ORR) has been successfully completed prior to the start of
hot testing.

TRL 7 Full-scale, similar
(prototypical) system
demonstrated in
relevant environment

This represents a major step up from TRL 6, requiring demonstration
of an actual system prototype in a relevant environment. Examples
include testing full-scale prototype in the field with a range of
simulants in cold commissioning1. Supporting information includes
results from the full-scale testing and analysis of the differences
between the test environment, and analysis of what the experimental
results mean for the eventual operating system/environment. Final
design is virtually complete.

Technology
Demonstration

TRL 6 Engineering/pilot-
scale, similar
(prototypical) system
validation in relevant
environment

Engineering-scale models or prototypes are tested in a relevant
environment. This represents a major step up in a technology’s
demonstrated readiness. Examples include testing an engineering
scale prototypical system with a range of simulants.1 Supporting
information includes results from the engineering scale testing and
analysis of the differences between the engineering scale,
prototypical system/environment, and analysis of what the
experimental results mean for the eventual operating
system/environment. TRL 6 begins true engineering development of
the technology as an operational system. The major difference
between TRL 5 and 6 is the step up from laboratory scale to
engineering scale and the determination of scaling factors that will
enable design of the operating system. The prototype should be
capable of performing all the functions that will be required of the
operational system. The operating environment for the testing should
closely represent the actual operating environment.

Technology
Development

TRL 5 Laboratory scale,
similar system
validation in relevant
environment

The basic technological components are integrated so that the system
configuration is similar to (matches) the final application in almost
all respects. Examples include testing a high-fidelity, laboratory
scale system in a simulated environment with a range of simulants1

and actual waste2. Supporting information includes results from the
laboratory scale testing, analysis of the differences between the
laboratory and eventual operating system/ environment, and analysis
of what the experimental results mean for the eventual operating
system/environment. The major difference between TRL 4 and 5 is
the increase in the fidelity of the system and environment to the
actual application. The system tested is almost prototypical.
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Relative Level
of Technology
Development

Technology
Readiness

Level TRL Definition Description

Technology
Development

TRL 4 Component and/or
system validation in
laboratory
environment

The basic technological components are integrated to establish that
the pieces will work together. This is relatively "low fidelity"
compared with the eventual system. Examples include integration of
ad hoc hardware in a laboratory and testing with a range of simulants
and small scale tests on actual waste2. Supporting information
includes the results of the integrated experiments and estimates of
how the experimental components and experimental test results
differ from the expected system performance goals. TRL 4-6
represent the bridge from scientific research to engineering. TRL 4 is
the first step in determining whether the individual components will
work together as a system. The laboratory system will probably be a
mix of on hand equipment and a few special purpose components
that may require special handling, calibration, or alignment to get
them to function.

Research to
Prove
Feasibility

TRL 3 Analytical and
experimental critical
function and/or
characteristic proof
of concept

Active research and development (R&D) is initiated. This includes
analytical studies and laboratory-scale studies to physically validate
the analytical predictions of separate elements of the technology.
Examples include components that are not yet integrated or
representative tested with simulants.1 Supporting information
includes results of laboratory tests performed to measure parameters
of interest and comparison to analytical predictions for critical
subsystems. At TRL 3 the work has moved beyond the paper phase
to experimental work that verifies that the concept works as expected
on simulants. Components of the technology are validated, but there
is no attempt to integrate the components into a complete system.
Modeling and simulation may be used to complement physical
experiments.

TRL 2 Technology concept
and/or application
formulated

Once basic principles are observed, practical applications can be
invented. Applications are speculative, and there may be no proof or
detailed analysis to support the assumptions. Examples are still
limited to analytic studies.

Supporting information includes publications or other references that
outline the application being considered and that provide analysis to
support the concept. The step up from TRL 1 to TRL 2 moves the
ideas from pure to applied research. Most of the work is analytical or
paper studies with the emphasis on understanding the science better.
Experimental work is designed to corroborate the basic scientific
observations made during TRL 1 work.

Basic
Technology
Research

TRL 1 Basic principles
observed and
reported

This is the lowest level of technology readiness. Scientific research
begins to be translated into applied R&D. Examples might include
paper studies of a technology’s basic properties or experimental
work that consists mainly of observations of the physical world.
Supporting Information includes published research or other
references that identify the principles that underlie the technology.

1Simulants should match relevant chemical and physical properties.
2Testing with as wide a range of actual waste as practicable and consistent with waste availability, safety, ALARA, cost and
project risk is highly desirable.
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Table E-2. DOE Technology Readiness Levels (from Table 4 of DOE 2015).
Relative Level
of Technology
Development

Technology
Readiness

Level TRL Definition Description

System
Operations

TRL 9

Actual system
operated over the full
range of expected
conditions.

Actual operation of the technology in its final form, under
the full range of operating conditions. Examples include
using the actual system with the full range of wastes.

System
Commissioning

TRL 8

Actual system
completed and
qualified through test
and demonstration.

Technology has been proven to work in its final form and
under expected conditions. In almost all cases, this TRL
represents the end of true system development. Examples
include developmental testing and evaluation of the system
with real waste in hot commissioning.

TRL 7

Full-scale, similar
(prototypical) system
demonstrated in a
relevant
environment.

Prototype full-scale system. Represents a major step up from
TRL 6, requiring demonstration of an actual system
prototype in a relevant environment. Examples include
testing the prototype in the field with a range of simulants
and/or real waste and cold commissioning.

Technology
Demonstration

TRL 6

Engineering/pilot-
scale, similar
(prototypical) system
demonstrated in a
relevant
environment.

Representative engineering scale model or prototype system,
which is well beyond the lab scale tested for TRL 5, is tested
in a relevant environment. Represents a major step up in a
technology's demonstrated readiness. Examples include
testing a prototype with real waste and a range of simulants.

Technology
Development

TRL 5

Laboratory scale,
similar system
validation in relevant
environment.

The basic technological components are integrated so that
the system configuration is similar to (matches) the final
application in almost all respects. Examples include testing a
high-fidelity system in a simulated environment and/or with
a range of real waste and simulants.

TRL 4

Component and/or
system validation in
laboratory
environment.

Basic technological components are integrated to establish
that the pieces will work together. This is relatively "low
fidelity" compared with the eventual system. Examples
include integration of "ad hoc" hardware in a laboratory and
testing with a range of simulants.

Research to
Prove Feasibility

TRL 3

Analytical and
experimental critical
function and/or
characteristic proof
of concept.

Active research and development is initiated. This includes
analytical studies and laboratory scale studies to physically
validate the analytical predictions of separate elements of
the technology. Examples include components that are not
yet integrated or representative. Components may be tested
with simulants.

TRL 2

Technology concept
and/or application
formulated.

Invention begins. Once basic principles are observed,
practical applications can be invented. Applications are
speculative, and there may be no proof or detailed analysis
to support the assumptions. Examples are still limited to
analytic studies.Basic

Technology
Research

TRL 1

Basic principles
observed and
reported.

Lowest level of technology readiness. Scientific research
begins to be translated into applied research and
development (R&D). Examples might include paper studies
of a technology's basic properties.


