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nERODTJCTION

The retention of gaseous fission products at commercial reactor fuel
reprocessing plants is presently limited to a modest retention of iodine
where preprocessing cooling times are in the range of l80 days or less.
Recent regulatory trends have been directed toward further reduction re-
quirements of the already small environmental effects of effluents from
nuclear fuel reprocessing plants. In addition to the desire to reduce the
environmental effects of fuel reprocessing, the higher burnup and specific
power levels of Liquid Metal Fast Breeder Reactor (LMFBR) fuels and the
economic incentive to reduce preprocessing cooling times will place more
stringent demands on systems for the control of effluents from the LMFBR
fuel reprocessing plant. As a result of these trends, a significant part
of the total LMFBR fuel reprocessing development program over the last
decade has been devoted to the development of systems for retaining the
gaseous fission products, including tritium, krypton, and iodine. More
recently, 1 4C has been added to the list of gaseous effluents under study.
Development efforts for improving the control of yaseous fission product
effluents have bean directed toward a better understanding of the distri-
bution and the behavior of the volatile fission products throughout the
process systems, as well as to the development of advanced removal systems
that may be applied -co plant effluent streams.

^Research sponsored by the Energy Research and Development Adminis-
tration under contract with the Union Carbide Cornoration.



Although much of the work reported here was done under the LMFBR fuel
Reprocessing Program, the systems discussed can, in general, be applied to
LWR and the LMFBR fuel reprocessing systems, as required by current or
future regulations.

EHVIROMEHTAL SIGNIFICANCE OF GASEOUS FISSION PRODUCTS

The general environmental effects of the various gaseous fission pro-
ducts and a summary of the existing or proposed regulations regarding their
release are included for the purpose of placing the potential applications
of control systems to fuel reprocessing plants in their proper perspective.

Tritium

Ho specific regulations for limiting the release of tritium from fuel
reprocessing plants in the United States exist, nor have any been proposed.
It is the current practice to release to the environment the total tritium
input to a fuel reprocessing plant. The resulting site boundary dose from
the total release is within both the existing and proposed dose limits.
Tritium is, however, one of the major contributors to the site-boundary
whole-body dose for a current-generation fuel reprocessing plant, and
systems for reducing tritium effluents are under study for possible appli-
cation in the future.

Krypton

Present regulations permit the total release of krypton to the environ-
ment from commercial fuel reprocessing plants. Recently proposed regu-
lations [1] would limit the release of sKr from the nuclear industry to
5 X 10* Ci/GW(e)-a of power production after 1983. For a fuel reprocessing
plant, this would require a 8sKr retention factor in the range of 5 to 10.
Krypton is the primary contributor to the skin dose for populations in the
vicinity of a fuel reprocessing plant, with insignificant contributions to
other organs or the whole-body dose. The long-term exposure of world popu-
lations to krypton, although very low relative to natural background, has
been proposed by some as a basis for requiring krypton retention as the
nuclear industry expands.

lorliTte

In the past, iodine release has been limited by existing requirements
which regulate the thyroid dose (the organ dose most affected) to an accept-
able range. Recently proposed regulations limit the thyroid dose to 75
mrads/a and, in addition, specifically limit the release of 1 3 9l to a value
"•* c " n""s Ci/GW(e)-a. For a fuel reprocessing plant, this would require01 5 x 10
an 1 2 9i retention factor of ^300. The required retention factor for 131-

i s limited by the site-boundary thyroud exposure and is strongly dependent
on the decay time prior to reprocessing. When reprocessing 90-day-decayed
LMFBR fuels, a 1500-t/a fuel reprocessing plant would require an 1 3 1 i
retention factor in the range of 10s to meet the thyroid dose limit of 75
mrads/a suggested by the recently proposed regulation.



Carbon-l^

Currently, there are no limitations on the release of 14C to the
environment, nor have any been proposed. Only recently has it been recog-
nized that *4C may contribute significantly (a few mrems/a) to the site
boundary dose. The long half-life of 1 4C (5700 a) also poses questions
concerning its long-term, worldwide effect and accumulation. In oxide
fuels, the 1 4C results primarily from n,p reactions with 1 4N impurities in
the fuel, which typically are in the range of 20 to 25 parts per million.

SYSTEM APPLICATION FOR RETENTION OF GASEOUS ISOTOPES

In order to attain significant reductions in gaseous effluents from
fuel reprocessing plants, advanced removal systems for individual gaseous
fission products must be incorporated into containment systems designed to
minimize effluent volumes and to prevent the bypassing of any activity
around removal systems. This requires an understanding of the behavior and
the major sources of volatile fission product activity throughout the fuel
reprocessing plant. A flowsheet of a fuel reprocessing plant, illustrating
important features of a high-integrity, effluent-control system (Fig. l),
will be used to illustrate the source, behavior, and application of treat-
ment systems for each of the gaseous fission products.

Tritium

Some tritium may be released when the fuel is sheared. A major portion
of the remaining tritium (90 to 99$) is released in the voloxidation step
where the sheared fuel is heated for ~h h at a temperature range of 1+50 to
65O°C in a rotary kiln. The off-gases from the shear and voloxidizer are
routed to the tritium removal system where tritium is removed as tritiated
water (flTO) by a drying agent, such as zeolite. Any tritium not evolved
and trapped by the voloxidizer and tritium remoyal system will equilibrate
with the plant water inventory and will eventually leave the plant in the
water effluent stream.

Other methods of tritium retention at fuel reprocessing plants have
been suggested including: (1) the almost total retention and recycle of the
plant water and (2) the isotopic removal of tritium from plant-water effluent
volume, combined with the development of a practical isotopic separation
system, may have possible future applications.

Krypton and Carbon-llt

Some krypton may be released in the shear and voloxidation steps, with
the remainder released in the dissolution step. Being an inert gas, the
krypton will pass through the various treatment steps of the dissolver off-
gas (DOG) treatment system to the final step, which is krypton removal. A
major portion of the 1 4C will likely be evolved as COs in the voloxidation
and dissolution steps and will follow the krypton through the DOG treatment
and will be removed along with krypton by the krypton removal system. Any
1 4C not evolved as COs in the voloxidizer or dissolver will pass on to the
downstream equipment where it will likely be released to the environment by
way of the vessel off-gas (YOG) system.



One of the primary candidates for the removal of krypton and 1 4C from
the dissolver off-gases is a selective absorption process using a fluoro-
carbon solvent. Soluble gases including krypton, xenon, carbon dioxide,
and oxides of nitrogen are selectively absorbed from the feed gas stream
and concentrated for disposal. A second system with potential application
for krypton removal is based on the cryogenic absorption of krypton in
liquid nitrogen. The disadvantage of this system, relative to fluorocarbon
absorption, is that it requires a feed gas that is essentially free of any
materials such as water, carbon dioxide, or nitrous oxides which could
freeze out and plug the system.

Iodine

The overall control of iodine effluents from a fuel reprocessing plant
is inherently more complicated than the control of other gaseous fission
products due to the higher retention factors required for shorter-cooled
fuels and the complexity cf iodine chemistry. Iodine distribution in a
fuel reprocessing plant using advanced iodine control systems is illustrated
in Fig. 2. This flowsheet would be applicable to a plant processing 99-day-
decayed fuel requiring an overall iodine retention factor in the range ofv
10s. A major portion of the iodine ("-98$) can be evolved from the dissolver
solution and subsequently trapped in the dissolver off-gas treatment systems.
The remaining 1 to 2f0 iodine that is not evolved from the dissolver passes
on to the downstream process equipment and is distributed between the vessel
off-gas and the plant-water effluent stream. The primary iodine-removal
system for both the DOG and VOG is shown to be the Iodox process. This
system uses 20 M HETOs as the scrubbing media for removing and converting all
volatile iodine species to the nonvolatile iodate form. Iodine decontami-
nation factors exceeding 104 can be attained with the Iodox process. Silver
containing solid sorbents, such as silver zeolites, are capable of removing
iodine in this application by factors approaching 104 and should operate
reliably in the indicated DF range of 100 to 1000 over extended periods of
time.

The bulk of the iodine following the liquid process route will eventu-
ally end up in the recovered process water from the acid fractionator. The
removal of iodine from liquid water using solid sorbents and from super-
heated steam using silver zeolite should be capable of providing the indi-
cated 10* retention factor for the water effluent stream. In order to
attain an overall plant l s li retention factor in the range of 105 on a
regular basis, any "iodine lost to the cell atmosphere during maintenance
or from minor process leaks must be considered. Such loss represents the
bypassing of iodine around the normal processes for iodine removal and could
limit the overall iodine retention.

PROCESS DESCRIPTION

A brief description of the specific gaseous fission-product removal
systems shown in Fig. 1 is presented here, along with a summary of their
development status.



Voloxidation and Tritium Removal

The voloxidation step effects the release of tritium from the sheared
fuel into a relatively small off-gas stream. From this stream, the tritium
can be trapped as tritiated water. The removal of the tritium from the
fuel prior to dissolution avoids the essentially irreversible dilution of
tritium with the plant water inventory. In the voloxidation process,
sheared fuel is heated to ~55O°C in air for k h to partially oxidize the
UOs and to release 90 to 99$ of the tritium contained in the fuel. For
effective tritium rétention, all off-gas from head-end operations that may
contain significant amounts of tritium must be routed through the tritium
removal system. The quantity of water removed by the tritium removal system
determines the volume of tritium waste to be handled with values in the
range of 50 liters/d, typical of a lUOO liter/min off-gas rate.

A rotary Triln [2] is being developed for the voloxidation process
since it appears to best meet the requirements for temperature control,
provide efficient tritium evolution, and most effectively handle problems
associated with the redeposition of semivolatile fission products in cooler
portions of the volcxidizer. Based on hot-cell and small engineering-scale
tests, it appears that the voloxidation process is capable of removing
tritium from irradiated LMFBR fuels by factors in the range of 10 to 100.
Questions remaining to be answered before the process can be dependably
applied to a commercial plant are related to the mechanical operability and
reliability of the process. The continuous operation of a rotary kiln ~1 m
in diameter by 8 to 10 m long at temperatures in the range of 55O°C located
in the head-end cell of a fuel reprocessing plant presents formidable prob-
lems.

Fluorocarbon Absorption of Krypton and 14:C

The removal of krypton and xenon from contaminated air can be accomp-
lished by intimately contacting the bulk gas stream with a continuously
flowing stream of fluorocarbon solvent in a packed absorber column at a
relatively low temperature and moderate pressure. Because of differences
in solubility, essentially all of the krypton, xenon, carbon dioxide, and
oxides of nitrogen, plus substantial amounts of oxygen, nitrogen, and argon,
can be dissolved in the solvent in the absorber. The off-gas leaving the
absorber column is reduced in krypton by a factor of ~100. The loaded
solvent, which contains absorbed gases rich in krypton and xenon, is routed
from the absorber to a fraetionator system where most of the dissolved
nitrogen, oxygen, and argon are driven off. The solvent is then directed
into a stripper system from which a product gas stream, containing high
concentrations of krypton, xenon, and carbon dioxide, is evolved. The
solvent is regenerated in a still to remove NOs and other contaminants and
is then recycled back to the absorber. The process is depicted schematic-
ally in Fig. 3. The off-gas from the fractionator must be recycled back
to the process, because, in addition to nitrogen, oxygen, and argon, it
also contains a measurable amount of desorbed krypton and xenon. Typically,
the absorber column is operated at pressures in the range of 300 to lj-00
Ibf/in2(g) and a temperature in the range of -30 to —10°C; the fraction-
ator column operates at 50 Ibf/in2(g) and 10°C, and the stripper column
operates at 15 ibf/iifCg). Peripheral systems are required for solvent



cleanup and for product purification and packaging. Refrigerant R-12 is
the standard fluorocarbon solvent used in the process.

A pilot plant testing various aspects of the fluorocarbon absorption
process has been operated at the Oak Ridge Gaseous Diffusion Plant for about
the past five years [3]. The absorber column is 3 in. in diameter and. con-
tains 9 ft of wire mesh packing, whereas the fractionator column is 3 in.
in diameter with 7.5 ft of packing, and the stripper column is 6 in. in
diameter with 12 ft of packing. The process utilizes conventional equip-
ment designs that have been employed for many years in non-nuclear appli-
cations in the chemical industry. Pilot plant control and monitoring
instrumentation is typical of industrial gas absorption processes.

Since a primary advantage for the fluorocarbon absorption process for
the retention of 8sKr appears to be the ability to handle anticipated impuri-
ties in the off-gas stream, studies have been made of the behavior of these
impurities in the system. Preliminary work has been completed and the pro-
gram is still in progress. Impurities to be investigated include iodine,
oxides of nitrogen, carbon dioxide, and water. The oxides of nitrogen are
converted to NO2 when absorbed, and KOs is retained by the solvent. The
DJOs concentration of the solvent can be maintained at acceptable levels by
continuous processing through the solvent purification system. Carbon
dioxide is effectively removed from the feed gas and follows the krypton
product where it can be separated by chemical trapping. Any l4C present in
the feed gas as carbon dioxide is, thus, effectively removed and concentrated
for disposal.

Iodox

The primary iodine-removal system for the DOG and, to a lesser extent,
for the VOG should be capable of relatively high iodine retention factors
while handling the kilogram-per-day quantities of iodine present in the
feed to a commercial fuel reprocessing plant. Aqueous scrubbers are par-
ticularly applicable here, and potential scrubbing media include mercuric
nitrate when rather low bulk removal (DF ~10) is all that is required. For
LMFBR applications, a scrubbing system using 20 to 22 M HWO3 (iodox) has
been under development at ORHL and is presently in the latter stages of cold
engineering-scale demonstration. The lodox process has a number of advan-
tages over other systems, including the ability to remove all significant
iodine species with very high (> 104) retention factors while delivering a
concentrated iodine waste (solid HI3O8). The concentrated HNO3 is corrosive
to stainless steel, and materials of more resistant construction, such as
zirconium, are required.

A flowsheet for the Iodox process is shown in Fig. k. Off-gases con-
taining volatile iodine species are scrubbed countercurrently in a bubble-
cap column with 20 to 22 M HNO3 at a temperature of ~25°C. All significant
iodine species ere oxidized to nonvolatile Hl30a, which is soluble in the
20 U HNO3 solution to the extent of ~1 g/liter. A small water stream is
added to the top plate of the bubble-cap tower to reduce losses of concen-
trated HNO3 to the off-gas. With both liquid and gas flow rates in the
range of 100 to 200 1b h"1 ft"3, a plate retention factor for organic iodide
in the range of 3 to k can be expected [U]. The HIaOs can be precipitated



from the liquid effluent by evaporation and disposed ox' as an iodine was^e.
The acid overheads can be concentrated and recycled. The water content of
the inlet gas, as well as the water vapor from the icdine evolution step,
dilutes the acid leaving the bottom of the bubble-cap column to ~l8 to 19 M
and, thus, necessitates a concentration system to provide recycled 22 M
acid. An extractive distillation system using concentrated magnesium
nitrate effectively removes water from the recycled acid and delivers a
concentrated (22 to 2^ M) overhead product for recycle. For the flowsheet
application of Fig. 2, the lodox scrubbing columns would be used for both
the •orimary DOC- and VOG iodine removal systems, *Jith both columns sharing
a common iodine-waste-concentration and concentrated-acid-recovery system.

Solid Sorbents for Iodine Removal

For the final iodine-removal step where the last trace quantities of
iodine are removed from the off-gas, silver zeolite or other high-surface-
area, silver-loaded, solid sorbents are used. Retention factors for iodine
in the range of 103 to 104 have been demonstrated over a period of 1 a on
simulated plant off-gas for small silver zeolite beds.

Removal systems for iodine from water effluents are not as well devel-
oped, as for iodine removal from gaseous effluents. Limited small-scale
experiments using macroreticular resins or charcoal indicate removal effi-
ciencies in the range of 90 to 99$ for iodine concentrations typical of the
liquid waste effluent streams. Effective iodine loadings were low, and
regeneration did not appear very promising. Also, the organic sorbent
materials containing significant iodine activity may present waste disposal
problems.

The removal of small quantities of iodine from slightly superheated
vapor using silver zeolite has been reported [5]. Removal efficiencies
exceeding 103 were reported at an iodine loading of ~1 wt %. Neither of
these iodine removal systems for the liquid effluent have been adequately
demonstrated on an engineering scale. A combination of" iodine removed from
the water effluent in the liquid and vapor phases should yield an effective
retention factor of 1O4. By a combination of iodine evolution from the dis-
solver solution, water recycle to reduce effluent volumes, and application
of solid sorbents in water effluent streams, the overall iodine retention
of iû5 needed for 90-day-cooled LMFBR can likely be obtained.
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