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FISSION PRODUCT GAS RETENTION STUDY

Summary

Various processes have been evaluated which would provide improved
plant containment factors of 100 for tritium and 10,000 for iodine at a
reprocessing plant for light water reactor fuels. The goals for krypton
and iodine can be obtained although a factor of 1,000 for iodine appears
to be more practical. The goal for tritium must await further development
of the voloxidation process or the use of alternative methods.

The cost of providing improved containment for these isotopes at
the West Valley Reprocessing Plant is estimated to be $16,900,000;
of which $10,000,000 is primarily for recovery of tritium, $4,000,000
for recovery of krypton, and $2,900,000 is for recovery of iodine.
Improved containment of iodine should be provided at existing and future
reprocessing plants. Development work should be continued in processes
for improved containment of krypton and tritium although the need for

such processes will not develop in this decade.







INTRODUCTION

Nuclear Fuel Services, Inc. on dJanuary 25, 1972 entered into
a contract numbered 3607 with Union Carbide Corporation, Nuclear
Division, to study the problems associated with providing improved
containment in a fuel reprocessing plant for iodine, tritium and
krypton. The goal of the study is to devise means to provide a
plant containment factor of about 100 for tritium and krypton and
about 10,000 for iodine. The contract provides for a paper study
only; no hardware is to be purchased or installed. As a part of
the study, NFS is to identify problems that would probably be
encountered that could adversely affect the effectiveness, operability
or reliability of the system. NFS should also identify developmental
or engineering data that would be required for design purposes.

A tentative flowsheet has been developed which is believed to
be capable of providing the improved containment desired for the
fission products of interest. It should be noted that the flowsheet
requires certain operations and treatments that have not been
completely developed or tested at this time, and that, accordingly, it
is not possible to determine that the improved containment is in fact
possible or practical.

NucTear Fuel Services, Inc. operates a spent fuel reprocessing
plant at West Valley, New York. The plant has a design capacity of
one metric ton per day using the Purex process. The plant was designed
and constructed in the period from 1963 to 1966 and went on stream in
April, 1966. A modernization of the plant is underway at this time and

with the elimination of certain bottlenecks, plant capacity will be
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uprated from a nominal 300 tons per year to a nominal 750 tons per
year.

The plant utilizes a batch-wise chop-leach process through
the head-end, followed by continuous Tiquid-liquid extraction using
TBP-kerosine as the extractant. Plutonium and uranium are recovered
as nitrate solutions which are shipped off site for further proces-
sing before reuse.

Fuel enters the plant as whole fuel elements which are stored
in the fuel pool prior to processing. Fuel elements are transferred
to the Process Mechanical Cell (PMC) where the end-fittings are re-
moved and the fuel bundle is sheared into short lengths. The sheared
fuel drops from the shear into dissolver baskets which contain a con-
sumable mild steel liner to retain fine particles.

A dissolver batch consists of 4-6 dissolver baskets containing
a nominal one metric ton of uranium. The baskets are placed in a
batch dissolver to which concentrated nitric acid is added to dissolve
the fuel. The fuel cladding is not dissolved and is later rinsed with
clean acid and removed from the plant for disposal.

During dissolution the contained krypton is released and
Teaves the dissolver in the dissolver off-gas system. The contained
tritium is released partially as the gas, HT; however, the major frac-
tion is converted to tritiated water (HTO) which primarily stays with the
dissolver solution although some does evaporate into the dissolver off-gas
stream. Iodine isotopes largely remain in the dissolver solution, however,

a portion does volatilize into the dissolver off-gas stream.




The resulting dissolver solution is adjusted in acid content,
sampled and analyzed for accountability purposes, and is sent to a

continuous extraction system in which the fission products are removed

in a codecontamination column; the plutonium and uranium are then
separated, purified and recovered in solution.

The fission products leaving the bottom of the first extraction
column are concentrated in several stages of evaporation and after
neutralization with sodium hydroxide are stored in large underground
high Tevel waste storage tanks.

The overhead condensates from the waste evaporators are re-evaporated
and fractionated for recovery of nitric acid which is routed back to the
dissolver. The overhead condensate from the fractionator is then dis-
charged to the interceptor-lagoon system and, after treatment for recovery
of small amounts of strontium and cesium, is discharged to the surface waters
as Tow level waste.

There are thus two major streams leaving the reprocessing plant that
can carry off small amounts of radioactivity: the liquid stream from the
interceptor-lagoon system, and the stack gases. Both streams are contin-
uously sampled and monitored and a large body of data has been accumulated
to demonstrate the Tevels and types of activity in each stream.

It should be noted that both streams are composites of several sub-
streams within the plant, each of which may carry its own level of activity
and each of which presents varying degrees of difficulty in collection and

treatment for the removal of radioactivity.




The Appendix "I" hearings on the "as low as practicable" releases

from reactors brought out quite clearly that the real problem in
approaching minimum releases 1ies not in the streams that carry the
majority of the activity and which are susceptible to treatment, but
rather the difficulty in providing complete containment results from
the multitude of small streams, leaks and drips which are difficult
to detect and even more difficult to collect and process.

The fission products of interest in this study, iodine-129,
tritium and krypton, have not been of major concern to date since the
biological hazard associated with them is relatively low and the
normal dilution in ambient air and water has been sufficient to keep
them well below permissible levels in the environment.

When the plant was designed the iodine isotope of principal con-
cern was iodine-131 which has an eight day half life. Since the fuels
processed to date had been aged for up to a year or more prior to pro-
cessing, the iodine-131 had decayed to innocuous levels in the fuel.
Routine analysis of the stack effluents has shown that iodine-131 re-
leases have consistently been less than one percent of the technical
specification T1imit of three curies per year.

Iodine-129, due to its long half Tife and Tow activity as well
as its low content in the fuels, was not considered to be troublesome;
in tact Bryant has stated that even if a major portion of the
iodine-129 were discharged to the environment, no health hazard
would result. It has recently been estimated that as much as
twenty-five percent of the input iodine-129 leaves the plant

in the off-gas stream, and that about twenty percent of the input




jodine-129 is discharged in liquid wastes(]). It has been estimated that
4.4 curies of iodine-129 were contained in the fuel processed in the
pe~iod 1966-1972 and that slightly less than two curies may have been dis-
charged to the environment in that time. Recent studies in the area sur-
rounding the plant have shown barely detectable levels of iodine-129 in
milk and surface water at near the 1imit of detectability of 0.3 picocuries
per liter. The New York Department of Environmental Conservation Report
for the third quarter of 1972 showed ijodine-129 levels in milk near the
NFS plant averaging 0.4 pCi/liter and ranging from <0.2 up to 1.1 pCi/L.
During the same period, three milk samples taken near Albany showed <0.5,
<0.9 and <0.3, for an average of 0.6 pCi/L. While these data would in-
dicate that there is no significant difference in iodine-129 levels near
the reprocessing plant as compared to elsewhere in the state, there has
been concern that iodine-129, due to its exceptionally long half-life,
could accumulate in the environs of a reprocessing plant to levels that
would require corrective action.

Tritium, which amounts to about 700 Ci per ton of fuel, normally
enters the dissolver solution as tritiated water, although a small
portion leaves the plant as gaseous HT. Once the tritium enters the
plant aqueous stream it is virtually impossible to separate and recover
it, and the tritium follows the water stream through the acid recovery
process to be discharged in the aqueous waste. The theoretical amount

of tritium has not been found in the waste streams from the reprocessing

plant since an indeterminate amount of tritium leaves the fuel through leaks

(1) Iodine-129 in the Environment around a Nuclear Fuel Reprocessing Plant,
Magno, Reavy and Apidianakis, EPA, Winchester, Massachusetts, Oct., 1972.




in the cladding at the reactor, and a significant fraction is combined

with zirconium cladding as the hydride. These Tosses reduce the amount

of tritium which is released from the reprocessing plant to about 60% of
the theoretical amount in the fuel. Of this amount, some 80-90% is
discharged in aqueous wastes where it is diluted to below the levels

set by the regulatory agency before it enters the public domain. Tritium
is normally found in the environment and would be there even if it were

all retained at the reprocessing plant since it occurs naturally as a result
of cosmic ray interaction with atmospheric nitrogen. In addition, signifi-
cant gquantities of tritium have been released to the atmosphere in weapons
testing. Tritium, however, is an isotopic form of hydrogen and hydrogen

is essential to all forms of Tiving organisms. Some concern has been
expressed as to the possibility that tritium could effect genetic mutations
if it were absorbed in the nuclei of the reproductive cells.

The noble gases krypton and xenon are significant fission products.
0f these krypton-85 is by far the major concern since the radioactive
xenons have half-Tives of the order of a few hours. By the time the fuel
is processed the radioactive xenons have decayed to innocuous Tevels and
only krypton-85 with a half Tife of 10.7 years remains. Krypton-85 is
accompanied by about ten times its volume of stable, non-radioactive,
xenon isotopes. Some 11,000 Ci per ton of krypton-85 are released, primarily
in the dissolver, although a small fraction (1%-2%) is released during
shearing of the fuel. Since the noble gases are quite unreactive
under normal circumstances, the krypton leaves the plant in the off-gas

stream where it is rapidly diluted in the atmosphere to insignificant




levels. Krypton-85 decays by emitting a g particle some 99.5% of the
time and less than 0.5% of krypton emits a y ray in decomposition.
Since B particles are absorbed in about 1 meter of air or in the
clothing or even the dead layers of skin, the radiation from krypton
does not present any significant problem from a world wide point of
view. With the advent of new and much larger reprocessing plants
there may be some radiation exposure to close-in neighbors of the
plant and some form of recovery of krypton may be necessary to reduce
the so-called "fence post dose".

Figure 1 shows the anticipated world wide buildup of tritium
and krypton in the atmosphere based upon current projections of the
nuclear power industry and assuming the continued release of all of
these products to the biosphere(z).

It can be seen that tritium and krypton do not constitute an
immediate problem in any case since the krypton exposure even in the
year 2000 will be only about 2 mR per year which is less than 2% of
naturally occurring background exposure(3). The tritium exposure
in the year 2000 will be less than 0.01 mR per year and is only
barely above the exposure due to naturally occurring tritium. At
these Tow levels the exposure would be difficult, if not impossible,

to differentiate from the normal variation in the natural background

(2)

Environmental Protection During Fuel Reprocessing, Yarbro,
Nichols and Unger, Los Vegas ANS Meeting, 1972.

(3) Krypton-85 -- A Review of the Literature and an Analysis of
Radiation Hazards, Kirk, W. P., EPA, Office of Research and
Monitoring, NTIS No. PB 207079.
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exposure. Background radioactivity in the United States varies from 100-250

mR per year and there are populated areas in France that reach 350 mR per year.
Certain monazite ore areas in India have a natural background of 1300 mR per year.
The 2-3 mR/year from krypton and tritium would be an insignificant increment to
the background and would be somewhat less than the radiation received by a
passenger on a single cross-country flight in a jet plane.

Much of the LMFBR reprocessing technology under development at ORNL has
potential for significantly improving LWR fuel reprocessing operations. In
particular, the voloxidation step and attendant fission gas recovery steps
now being developed as a part of the LMFBR head-end process, if installed
in a commercial LWR fuel reprocessing plant, could substantially reduce gaseous
effluents from LWR fuel reprocessing as well.

There is an obvious advantage in having commercial reprocessors conduct
studies to determine the feasibility of using these process steps in their
respective plants. For this reason, the present study was proposed to familiarize
the potential users with the technology, assist in establishing the future role
of the technology, provide an industrial assessment of the status of development
and better focus future development requirements. Obviously, if LWR reprocessing
plants can effectively use the advanced technology in the near future, the

application of the LWR plants to LMFBR fuels would be greatly facilitated.

REVIEW OF STATUS OF TECHNOLOGY

Tritium

The calculated tritium content of one metric ton of fuel irra-
diated to 33,000 MWD is 692 Ci or 0.0714 grams at 150 days age. It
must be remembered that a significant fraction of this amount will
not be released at the reprocessing plant due to leakage at the

reactor and loss by hydriding of the cladding. If it is assumed that
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two-thirds of the calculated content is released, this amounts to
about 460 Ci or 0.0475 grams per ton of fuel. Recovery of this
small quantity of material from a ton of highly radioactive material
presents a difficult challenge.

Since tritium readily exchanges with hydrogen in water, the
major portion of tritium goes into the dissolver solution and flows
through the plant in the water stream and is discharged with the
aqueous wastes. Recovery of tritium from water, especially at these
low concentrations, is completely impractical, therefore recovery of
tritium will have to be effected prior to dissolution and without
exposure to large volumes of water which would ultimately have to
be disposed of as a radioactive waste.

ATthough tritium probably occurs in the fuel as elemental tritium,
studies have shown that elemental tritium is not significantly released
under vacuum at lTow temperatures. About three percent of the tritium
was released from fuel in six hours at 250°C under a vacuum of better than
29.5 inches of mer‘cury(4). Tritium was substantially completely released
(98%) only after heating under vacuum at 550°C. Gaseous releases of
tritium during shearing should therefore be minimal, primarily resulting
from tritium gas in the plenum of the fuel pin.

Even it it were possible to release the tritium in elemental form
under reasonable conditions, there would remain the difficult problem

of recovery of the material in a stable form for permanent disposal.

(4)  ORNL-TM-3698, December, 1971, Number 34.
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ORNL has, therefore, been studying the release of tritium in the form
of HTO by oxidizing the UO2 fuel to U308 in a flowing stream of oxygen
or air at temperatures of from 450°C to 750°C. The resulting tritiated
water is then captured on a desiccant which can be safely disposed of.
This process is termed "voloxidation". A “minivoloxidizer" three
inches in diameter was constructed with baffles to 1ift and drop
the clad pellets in a heated stream of air or oxygen. The UO2
is oxidized to U308 and is gradually knocked out of the cladding.

At 550°C 99.9% of the tritium and 45% of the krypton was evo]ved(s).
Bare pellets are completely oxidized in about one hour while about

2% hours are required to completely oxidize stainless steel clad
pellets. Increasing the rotation rate of the voloxidizer is only
slightly effective in reducing the time required for complete
oxidation. Increasing the rotation rate from 12 rpm to 48 rpm
decreased the oxidation time from 3% hours to 2.8 hours at 480°C.

The voloxidation step is very efficient in releasing tritium,
but is only partially effective for release of krypton. This is
unfortunate for if complete release of krypton were achieved, the
recovery of krypton would be greatly simplified. This problem de-
serves further work. Some possible lines of attack are: (1) multiple
oxidation-reduction steps; (2) oxidation followed by vacuum outgassing
at temperature; (3) pressure-vacuum cycling after oxidation. The goal

of the work would be to release 99+% of the tritium and krypton in a

relatively small volume of gas.

(5)  ORNL-TM-3807, March, 1972, Number 37.
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Once the tritium has been released, the problem becomes one
of capturing the HTO in some disposable form for which several options are
available. The classical dessicants or molecular sieves can be
used or the water can be cold trapped using 1iquid nitrogen. In
any case, some additional ordinary water should be added to the
stream prior to absorption in order to obtain a workable quantity
of water. The isotopic dilution afforded by this addition will
greatly reduce the amount of tritium which escapes absorption thus
improving the percentage of recovery. The efficiencies of some

common drying agents are as follows:

EFFICIENCY OF DRYING AGENTS

Agent Residual Water
P205 <1 mg in 40,000 1iters
Mg (C104)2 anhy. Unweighable in 210 liters
CaSO4 anhy. .005 mg/Titer
13-X Molecular Sieve .001 mg/1iter

If completely dry air is passed over the fuel, the residual water over
a 13-X molecular sieve bed will contain a significant amount of the HTO evolved
from the fuel. The addition of about 30 grams of water will reduce the
tritium Tosses to less than .05% The dilution water can easily be added
to the air or oxygen used in the voloxidizer and the amount can be con-

trolled by the humidity of the gas.
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The resulting water vapor can also be recovered in a cold
trap operated at dry ice or 1iquid nitrogen temperatures. This
approach, however, presents some difficulties in disposal for it
will be necessary to warm the trap to remove the water. This
will increase the vapor pressure of the water to the point where
tritium losses could be significant. In addition, the disposal of
1iquid water containing tritium would not be simple. For these reasons
it is probably desirable to trap out the water on a dessicant
which can then be sealed in a container for disposal.

Anhydrous calcium sulfate (Drierite) is fairly efficient and
relatively inexpensive. A Drierite bed in an easily removable
cartridge would provide an efficient means of trapping the water.
The Drierite bed can be followed by a regenerable molecular sieve
bed which would improve the decontamination factor of the system
and would serve as a backup to the main water trap. The molecular
sieve bed would be periodically regenerated and the wet-gas would
be recycled to the Drierite bed. Another approach is to absorb
the tritiated water in a molecular sieve bed which would discharge
1iquid water upon regneration and which would then be absorbed in
a closed system on a disposable drierite cartridge. The drierite
cartridge would then be sealed in a container for disposal.
Iodine

During voloxidation, which is necessary to remove tritium,
some iodine in the fuel is also evolved. It would be highly de-
sirable, from a processing standpoint, for all of the iodine to

be contained in this stream. However, work at ORNL has demonstrated
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that this will not be possible, as only 30% to 70% of the iodine
is liberated during voloxidation. The major portion of the iodine
remaining in the voloxidized fuel will be evolved, along with
oxides of nitrogen, during fuel dissolution and will appear in the
dissolver off-gas stream. But again, as in voloxidation, some
small fraction of iodine remains, in this case in the dissolver
solution.

This fraction of iodine, probably not more than 2% of the
total iodine input, would then be distributed throughout various
plant streams, liquid and gaseous, and presents additional pro-
cessing problems. Data are not available at this time to determine
the exact distribution; however, it is most probable that the
retained iodine will appear in the spent solvent, carbonate scrub,
high level and low Tlevel waste as well as in the VOG off-gas
stream. To assure the maximum containment within the plant all
of these streams must be subject to an iodine recovery system or
strenuous effort must be made to drive the iodine to the dissolver
off-gas stream where it can easily be recovered.

Several methods for the removal and eventual recovery of
iodine in the various streams of a nuclear fuel reprocessing plant
have been suggested. Most of these recovery methods have been under
investigation at ORNL as part of their study on the LMFBR Fuel
Cycle. Nuclear Fuel Services has reviewed recovery methods in
light of their possible adaptation to the reprocessing plant at
West Valley as a part of the Fission Gas Retention Study. The

recovery methods considered and reviewed were:
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Charcoal Beds

Charcoal beds both at ambient and at reduced temperatures
have been used to purify off-gas streams containing elemental
jodine as well as volatile organic iodides. Such beds have demon-

4 but have very serious limitations.

strated DF's in excess of 10
They are non-regenerative, are combustible, and whenever organic
vapors are present, are subject to bleed-through. Hopcalite beds
preceding the charcoal beds have been used to minimize bleed-

through but only with limited success. Since the dissolver off-

gas from a reprocessing plant contains large amounts of nitrogen
oxides which are not completely absorbed in acid recovery, the gas
stream to the charcoal bed can be expected to carry appreciable
amounts of nitrogen oxides. The presence of these oxidizing agents
in a high surface area charcoal bed would be highly undesirable and
for this reason, charcoal beds are not deemed suitable for this
system without serious and expensive modification of the gas stream
to eliminate oxidants. This could be accomplished by adding hydrogen
and passing the stream through a recombiner to produce water from the
oxygen. In the absence of oxygen, the nitric oxide (NO) would be
prevented from oxidizing to NOZ’ and the nitric oxide would then pass
harmlessly through the system. The cost of such adjustment by
hydrogen is significant.

Silver Zeolite Beds

The work at ORNL and other laboratories has clearly demonstrated

the effectiveness of silver zeolites to remove both methyl iodide and
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elemental iodine.(6) Silver zeolite beds have removal capabilities
when operated in the temperature range of 25° to 100°C equal to,

and possibly better than, charcoal for most iodine forms. Further-
more, these beds have the added advantage of being non-combustible
and are probably Tess sensitive to organic contaminants in the
off-gas stream. However, they are non-regenerative and, therefore,
present a problem with regard to disposal. Nevertheless, this will
not be a serious a problem in that the volume is small and the iodine
will be more tightly bound and consequently less subject to leaching

by groundwater.

Cold Trap

Organic iodides and elemental iodine can be removed from gas
streams using cold traps cooled with liquid nitrogen or perhaps dry
ice slush. Such traps will also remove other condensables present
in reprocessing streams, such as water and oxides of nitrogen.
Therefore, if cold traps were to be used, their greatest utility
will be in gas streams which are relatively dry and free of oxides
of nitrogen. Aside from the problem of condensables, there is also
a problem with the iodine species not being in a form which is
easily contained for final disposal. Consequently, additional
processing of the trapped iodine species will be necessary to corvert

them into less reactive, non-volatile compounds.

(6)
Silver Zeolite: Iodine Absorption Studies, Pence, D. T.,
and Maeck, W. J., IN-1363, 1970.
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Caustic Scrub

Caustic solutions are quite effective in retaining elemental
iodine; however, such solutions do not react readily with organic
jodides. Caustic reacts with elemental iodine to form iodide and
hypoiodite; the latter, under some conditions, having a tendency
to volatilize. To reduce volatilization to some extent
sodium thiosulfate is normally added to the caustic solution.

Mercuric Nitrate Scrubber

The ORNL technique of scrubbing gas streams with a mercuric
nitrate-nitric acid solution is an attractive method for the re-
moval of elemental iodine and organic iodides. The mercuric nitrate
scrubber is highly efficient for elemental iodine as well as methyl
jodide which has been found in the off gases from reactors. It is
apparently not as efficient in recovery of aromatic iodides;
however, the presence of aromatic organics in the dissolver solution
is not 1ikely and these can be eliminated by careful choice of
lubricants, etc., which might contain aromatics. The main TBP--
kerosine stream should not contain significant levels of aromatic
compounds. The scrubber solution is then concentrated in an
evaporator which also oxidizes iodine to insoluble mercuric iodate.
If this technique can be adapted to a typical reprocessing off-gas
stream to routinely give DF's of 104, it would be Nuclear Fuel
Service's choice of methods. Recovery of the iodine as the quite
insoluble mercuric iodate would be desirable, particularly in
view of the option of converting mercuric iodate to sodium jodate

and recycling the mercury back to the recovery system.
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Iodex Process (18M HN03)

Another attractive method for the recovery of iodine is the Iodex
process, again an ORNL inovation, which is still under active investi-
gation at pilot plant scale. Iodine will be recovered as iodic acid
(HIO3) or anhydroiodic acid (HI308); either form of which should be
suitable for final disposal. The major problem with this method is
the necessity to use fuming nitric acid which will present process
design problems as to recovery and recycle to the system. Increased

corrosion could also be expected from the use of fuming nitric acid.

Krypton

During reprocessing of spent fuel, radioactive fission-product
gases krypton and xenon, are released from the fuel into the off-gas
streams from the various process steps. A small quantity of these
noble gases escapes from the pins during the mechanical disassembly
and shearing operations with the bulk of the gas release occurring
during voloxidation (if that process step is installed) or during
dissolution. Any recovery system for krypton and xenon must there-
fore handle the combined off-gas from the shear, the voloxidizer,
and the dissolver.

Typical percentages of the total krypton and xenon which would
be released from each operation are 1%-2% from the shear, 40% from
voloxidation, and 60% from dissolution. These percentages, of course,
will vary with the individual fuel type being processed and the given

operating conditions.
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Retention and recovery of noble gases can be accomplished by
several methods, but only two; cryogenic distillation and selective
absorption by fluorocarbons, appear to be operationally feasible for
a reprocessing plant. Other recovery processes to be considered
include charcoal bed absorption and separation by permselective
membranes.

In the cryogenic distillation process, the krypton, xenon and
the air carrier stream is compressed, cooled, dried, and routed to a
cryogenic distillation column cooled by liquid nitrogen. 1In this
column the noble gases are concentrated and separated from the carrier
gas.

Additional separation of the krypton from the xenon may then be
accomplished in a simple batch still or fractionation tower. This
separation of krypton from xenon will reduce the volume of gas to be
disposed of and may produce a by-product that has potential sales
value. As in most low temperature processes, the entering gas stream
must be free from water, carbon dioxide and other condensables such
as NO2 which would form solids at the low operating temperatures.
Both water and CO2 may be removed with molecular sieve dryers or
regenerative Tow temperature heat exchangers. Serious problems may
result in the cryogenic process if either oxygen or nitrogen oxides
are allowed to enter the system. Oxygen, at the low temperatures
found in the cryogenic process, will react with relatively harmless
nitrogen oxide (NO) to form N02, which in the solid state presents

an explosion hazard. Oxygen may also undergo radiolysis to form unstable

ozone which is also potentially explosive. Cryogenic systems should




20

therefore be free from N02. In order to prevent the oxidation of NO

to N02, oxygen in the carrier gas is reacted with hydrogen in a re-
combiner and the water is condensed out of the system. Any unoxidized
NO flows through the system without difficulty. Substantial quantitites
of hydrogen are required for oxygen removal and the operating charges
become substantial.

Acetylene and possibly other hydrocarbons have also been known
to cause explosions in cryogenic systems such as tonnage oxygen plants.
It appears that the possibility of such an explosion in a krypton/xenon
removal system is remote; however, certain precautions against such an
occurrence are normally taken during continuous operations.

Summarizing, the cryogenic system is mechanically simple, field-
tested, and can produce separated high-purity products, krypton and
xenon. It is hindered by its high cooling requirements, the added
cost of oxygen removal and various explosion hazards.

The selective absorption system is based on the higher solubility
of krypton and xenon in'a common fluocarbon refrigerant as opposed to
argon, nitrogen and oxygen.(7) The entering gas stream is compressed,
cooled (only to about -30°F), and contacted in an absorber column with
Tiquid refrigerant under moderate pressure (375 psig). The liquid
stream containing the noble gases as well as some nitrogen and oxygen
is subsequently fractionated to recycle the nitrogen and oxygen and

then is stripped to drive off the krypton and xenon as a combined

(7)
The Recovery of Fission Product Xenon and Krypton by Absorption
Processes, Steinberg, M., BNL-542 (T-140) 1959,
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gaseous product. Each of the three primary processes occurs at
succeedingly lower pressures with the fluorocarbon being recompressed
and cooled for recycle to the absorber column. Freon-12 seems to be
the optimum refrigerant since the various gases have the required
difference in solubility and the vapor pressure of F-12 is not
excessive at the operating temperatures.

Like the cryogenic distillation process, water must be removed
from the gas stream prior to introduction to the absorber; unlike
the cryogenic system, nitrogen dioxide and oxygen do not seem to pose
a serious explosion hazard. It appears from preliminary experiments
that the fluorocarbon system can also withstand C02, N20, NO, 12 and
CH3I without serious effect on operations or efficiency. The effects
of ozone and acetylene on the absorption system have yet to be
determined.

Substantial development and pilot plant work has already been
performed at the Oak Ridge Gaseous Diffusion P1ant(8) on the fluoro-
carbon process and the process is commercially available for reactor
installation at this time. The process is functionally simple and
employs only basic unit operation techniques. Significant instrumenta-
tion will be required to control the various temperatures and pressures
required, and conservation of input energy is desirable. Low tempera-
ture condensers will be required on off-gas streams to minimize

refrigerant losses.

(8)
Experimental Investigation of the Removal of Krypton and Xenon from
Contaminated Gas Streams by Selective Absorption in Fluocarbon Solvents,
Stephenson, M. J., Merriman, J.-R., Dunthorn, D. I., K-1780, 1770
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At Teast two other methods have been proposed or used to retain
or recover noble gases from process off-gas streams. Separation by
permselective membranes involves contact of the gas with the membrane
followed by gas dissolution, diffusion and evaporation. Separation
efficiency for the krypton/xenon is a function of solubility and
diffusivity. The process remains in the developmental stage and only
limited operational data are avai]ab]e.(g)

Charcoal adsorption systems have been in use for a number of

years and are available commercia]]y.(]o)

Their principal use,
however, has been in the retention of noble gases in reactor systems
to allow decay of short-lived xenon and krypton isotopes, and the
retained krypton/xenon is subsequently released back into the off-gas
stream after the short lived isotopes have decayed. Charcoal systems
can be operated at either ambient or low temperatures (increased
Kr/Xe adsorption) and are usually operated in parallel to allow
intermittent stripping or elution.

Operation of a charcoal system in a reprocessing plant would
necessitate either disposal of the saturated charcoal bed or a
secondary recovery system to capture the Kr/Xe which would be eluted
from the charcoal bed. The presence of nitrogen oxides from a

reprocessing plant in a charcoal system present a serious fire hazard

and positive removal of such oxides would be mandatory.

(9)
ORNL-4522, Evolution of the Use of Permselective Membranes . . .,
Rainey, R. H., Carter, W. L., Blumkin, S., 1971

(10)
ORNL-TM-3515, Status of noble Gas Removal and Disposal,
Nickols, J. 0., Binford, F. T., 1971.
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After a careful review of the literature and consultation with
personnel at Oak Ridge National Laboratory, NFS has devised a flow
sheet which, assuming the continued development of certain process
steps such as voloxidation, can be expected to provide plant contain-
ment factors of 100 for tritium and krypton and 10,000 for iodine.

The flow sheet could be applied to an existing reprocessing plant operating
on light water reactor fuels, however, the technology could best be

applied in a new reprocessing plant which would be designed with

improved containment as a basic design criterion.

The flow sheet requires 99+% evolution of tritium in a voloxi-
dation step and 98-99% evolution of iodine from the dissolver. The
evolved tritium and iodine can be efficiently and effectively recovered
with high decontamination factors. Iodine species that enter the
dissolver solution may appear in the solvent cleanup wastes, which
will be sent to storage, in the high level wastes which will also be
stored, and in the Tow level wastes. Low level wastes will be partially
recycled within the plant, and any wastes discharged will be contacted
with an ion-exchange resin to remove iodine prior to discharge. It is
expected that with not more than a 50% recycle of low level waste the
total plant containment factor for iodine will approach or exceed 104,

Krypton and xenon will be recovered from the dissolver off-gas
in a Freon-12 absorption system which has been shown to provide con-
tainment factors in excess of 102,

A detailed description of the flow sheet is presented below.
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FLOW SHEETS

Block diagram flow sheets are shown in Figures 2, 3 and 4. These
flow sheets show the basic operations required to provide improved con-
tainment for the isotopes of interest - krypton, iodine and tritium.
Tritium

Figure 2 shows the various operations in the head end through
voloxidation, dissolution, and tritium recovery. Since a portion of the
tritium will be released as elemental tritium during shearing, it will
be necessary to pick up the off-gas from the shear and pass it, along
with a small amount of oxygen, through a hydrogen recombiner to convert
tritium to tritiated water. This stream will be combined with the off-
gas from the voloxidizer and both will be sent to molecular-sieve driers
for tritium recovery.

Sheared fuel, including sheared end-fittings, will be discharged to
a continuous rotary kiln for voloxidation. A small stream of oxygen,
saturated with water, will be provided to oxidize the fuel to U;0g and to
provide a manageable quantity of water to be absorbed in the driers.
Better than 99% of the tritium in the fuel will thus be accumulated in
the stream to the driers where it will be absorbed and disposed of and
therefore further tritium recovery on other plant streams will not be

required for a tritium decontamination factor of 100.
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Since it is highly probable that some ruthenium will accompany the
tritium and will be deposited in and around the drier, radiation levels in
the drier area will probably require at Teast a minimum of shielding.
Considering the difficulties of semi-remotely removing a cartridge of
drying agent from a radiation area, it was decided to abandon the idea
of drierite cartridges for primary absorption. The primary drying oper-
ation will be performed on activated alumina at
a modest pressure of about 40 psig. Drying efficiency is expected to be
at Teast 99.9% of all water in the gas stream. Upon regeneration, a stream
of liquid water will be delivered through the shielding wall into a closed
container of drierite or similar agent. The drierite cartridge will then
be sealed and sent to burial. A second stage molecular sieve drier will be used
to pick up any inadvertant breakthrough of moisture. Any water picked up
in the second stage will be purged back to the inlet side of the first
stage. The detritiated off-gas will then be reduced in pressure and
combined with the dissolver off-gas for further treatment.

The fuel stream from the voloxidizer will be substantially all U308
in the form of a rather dense powder. Little, if any, fuel will be
retained in the cladding. This material is completely incompat-
ible with the present batch dissolver system due to the high reactivity
of U308 with nitric acid. The present batch dissolvers process a normal
1000 kg of uranium per batch, and 50-75% of the UO2 goes into solution in
6 M nitric acid in 30-60 minutes with a rapid evolution of NO-N02.
Controlling the rate of reaction by controlling the rate of addition of
nitric acid has been considered, however, this approach is believed to be
impractical due to the possibility of the formation of plutonium polymers

under acid deficient conditions. Plutonium in polymeric form is difficult
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to extract and excessive losses of plutonium to high Tevel waste would
result.

To prevent a runaway reaction and the consequent overpressurizing
of the dissolver, it will be necessary to discharge the voloxidizer to
a continuous dissolver in which the rates of feed and acid would be
carefully controlled. Odom has described several successfully modeled
continuous leachers that would appear to be suitable for this purpose.11
A continuous dissolver can be controlled so as to deliver a feed solution
of close to optimum extraction feed conditions, and Tittle if any, feed
adjustment would be required prior to solvent extraction. It will also
be possible to provide efficient rinsing of the hulls in both fresh 6M
nitric acid and water prior to discharge of the hulls to disposal. This
will both reduce the losses to hull disposal and will reduce plutonium
contamination of the hulls to a point where such disposal will be a
greatly Tessened problem.

Iodine

Dissolver off gas will contain, in addition to water and nitrogen
oxides, the balance of the krypton-xenon noble gases and substantially
all of the iodine contained in the fuel. Oak Ridge work has shown that
dissolver off gas without reflux to the dissolver may contain up to 98%
of the total iodine present and that the remainder is most difficult to
volatilize into the gas stream. The chemistry of iodine in solution

is quite complicated in that numerous valence states occur with varying

11 0Odom, C. H., "Continuous or Semicontinuous Leacher for Leaching Core
Material from Sheared Spend Nuclear Fuel Tubes", Conf. 720903, Oak
Ridge, 1972.
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degrees of volatility for the various species. The picture is further
complicated by reaction equilibria between the species which do not go

to completion in either direction.

Hydriodic acid (HI) and elemental jodine (12) are definitely volatile
and hypoiodous acid (HOIL) is also believed to be at least slightly
volatile. Any of these species will probably end up in the off gas stream
and will be efficiently recovered later in the process.

Iodine that is oxidized to iodic acid (HIO3), however, probably will
not volatilize and will leave the dissolver in the feed solution to extrac-
tion.

The EPA study of iodine-129 around the West Valley plant disclosed that
about 25% was exhausted from the stack and about 20% was discharged in low
level liquids. This leaves a balance of 55% unaccounted for.

These data also imply that 75% of the iodine remained in solution for,
in the absence of iodine-131, no particular effort was made to recover
iodine from the off-gas and any iodine that volatilized undoubtably
went out the stack. The high percentage of solution iodine resulted from
the reflux of iodine to the dissolver through the down draft condenser.

At least some of the solution iodine passed through the acid recovery
stream where it volatilized with the condensate and appeared in the Tow
lTevel waste stream as about 20% of the total. This indicates that the
remainder, some 55%, went somewhere else. It is highly probable that the
remainder went to the carbonate scrub solution following extraction and
to high level waste. It now becomes possible to estimate the fate of the
iodine in the liquid streams.

Iodine-129 in the fuel will amount to some 40,000 uCi. per ton. If
it is pessimistically assumed that as much as 10%, or 4,000 uCi. per ton,
remains in the dissolver solution and that the same split between streams
will be seen, about 1,000 uCi. will show up in low Tevel waste and that the
ramaining 3,000 uCi. will end up in the carbonate scrub solution and in
high Tevel waste.

Oak Ridge work has shown that Amberiite XAD-4 macroreticular resin is
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highly efficient in removing iodine from acid so]utions]2 If the condensate
is passed through such a resin bed which can provide a decontamination

factor of at least 100 (DFs of up to 2400 have been found) the amount of
jodine in Tow level waste will be less than 10 uCi. per ton. Of course any
condensate that is recycled to the head end will reduce the amount going to
the waste stream. However, even if no condensate is recycled, the amount

of iodine in the 1iquid waste will be much less than one part in 1000 of that
entering the plant in the fuel.

It is highly improbable that as much as 10% of the iodine will remain
in the dissolver solution providing that the down-draft condensors are
removed. Such removal will not be difficult although a revision in the
dissolver procedure will be required.

If, as the Oak Ridge work has shown, only 2% of the iodine remains 1in
solution, and given the same split between liquid streams as above, an
Amberlite XAD-4 treatment of Tow level wastes at a modest DF of 50 will
provide a plant containment factor of 9000 with no recycle of low level
wastes. If 50% of the low level wastes is recycled, and this is easily
possible within the water balance of the plant, the same DF in the resin
bed will provide a plant containment factor in excess of 104. By this
procedure, less than 4 uCi. per ton of iodine-129 will be discharged
to the environment of which about 90% will go to the low level liquid
waste stream with 1ittle public exposure and in which it will be diluted
with naturally occurring stable iodine-127.

The dissolver off gas will contain copious quantities of nitrogen
oxides, nitric acid and water in addition to iodine and krypton. The off
gas will be routed to a nitrogen oxide (NOX) recovery tower for recovery
of nitric acid. A small stream of oxygen will be added to oxidize NO to
NO2 for absorption in the NOx tower. A stream of 6M nitric acid will be
used for absorption and will be withdrawn periodically for recycle to the
dissolver. Some iodine will be absorbed in the acid which will be
stripped out with NO2 to prevent recycle of iodine with the recovered
acid. A major goal of the head end section is to volatilize the maximum
amount of jodine into the off gas stream and to deliver it to the jodine
absorption section shown in Figure 3.

12

ORNL - TM - 3614, No. 31, p. 23
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Figure 3 outlines the process steps designed to recover and convert
jodine to an insoluble compound that can be economically stored pending
resolution of the iodine disposal problem.

0ff-gas from the dissolver combined with the off gas from the shear
and voloxidizer will be scrubbed with 10M nitric acid containing 0.2-0.4 M
mercuric ion. Oak Ridge work has shown this scrubber system to be highly
effective for the absorption of volatile iodine species including methy]
jodide. A decontamination factor of not less than 1,000 is anticipated
since DF's several times this value have been seen in Taboratory work.

Iodine is held in the scrubber solution as soluble mercuric iodide
(HgIz). The solution is periodically discharged to an evaporator where
the concentration is increased to above 10 M. The hot, concentrated,
nitric acid oxidizes mercuric iodide to the quite insoluble mercuric
jodate [Hg(IO3)2] which precipitates. The mercuric iodate sTurry will
be dropped into a 1000 gallon stainless steel tank in a buried vault for
storage. The supernatant Tliquor in the storage tank will be periodically
decanted back to the scrubber system. The overhead condensate from the
evaporator will also be recycled to the scrubber system. In this way,
no iodine bearing solutions will Teave the system. Water and nitric
acid Tosses in the gas stream from the scrubber will be made up by the
addition of nitric acid to which mercuric ion will be added to replace
that Tost to mercuric iodate storage tank.

The off-gas from the scrubber will contain nitric acid and some
carbon dioxide, both of which are undesirable in the later krypton recovery
system; therefore the mercuric scrubber will be followed by a caustic
scrubber using 10 M sodium hydroxide. Bottoms from the caustic scrubber
will go to the intermediate level waste evaporator for eventual storage
in the intermediate level waste tank.

The off gas from the caustic scrubber will be reheated and passed
through an absolute filter and a silver zeolite bed to pickup any slight
trace of iodine that may have escaped absorption in the mercuric nitrate
scrubber. Silver zeolite beds have been shown to be extremely effective
in absorbing organic iodides and all species of inorganic iodine. The
DF across the silver zeolite bed is conservatively estimated at not less
than 1,000; thus, the off gas stream at this point will contain less than
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1 uCi. iodine-129 per ton of fuel processed. Even if the DF's across the
mercuric ijon scrubber and the silver zeolite bed are as low as 300, the
off gas will still contain less than 1 uCi. jodine-129.

0f the 40,000 uCi. iodine-129 in one ton of fuel, it is estimated that
39,000 pCi. will be recovered as mercuric iodate and stored in the
waste tank; about 300 uCi. will be diverted and stored
as iodic acid in the high level waste. Less than 1 uCi. will leave the
plant via the stack and less than 4 uCi. will Teave the plant in low level
liquids, thus, the overall jodine decontamination factor across the plant
is expected to be well over 10,000.
Krypton

The off gas stream at this point is free of iodine and tritium and,
with the exception of its water content, is ready for krypton recovery.
The off gas will be compressad to about 40 psig, and dried over activated
alumina or 13-X molecular sieve to a dew point below -40°F. Water from
the drier will be discharged to a strip tank where any dissolved krypton
will be stripped by moderate heating. The krypton will be recycled to the
suction side of the compressor and the water will be discharged to waste.
Drying is accompanied at this point to avoid recycling freon through the
drier which would be required if the drier were located behind the main
compressor of the krypton recovery unit.

The krypton-xenon recovery system is shown in Figure 4. The system
chosen 1is the freon absorption system as developed at Oak Ridge. Dried
off gas is compressed to 375 psig and sent to an absorption tower where
it is contacted with Freon-12 at -25°F. The F-12 dissolves nitrogen, oxygen,
argon, krypton and xenon whose solubilities increase in the order presented.
Henry's Law Constants for the various components in Freon-12 are shown in
Figure 5. Henry's Law states that for gases that do not react with the
solvent, the mole fraction of gas in the solvent is proportional to the
partial pressure of the component in the gas stream as in equation [1].

y = Hx (1]
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Henry's Law holds quite well at low concentrations and at constant
temperature. Figure 8 shows the variation in the constant over a tempera-
ture range from -160°F to 80°F. The absorber column temperature of -25°F
was chosen to give reasonably good relative volatilities between krypton-
xenon and air at a temperature that can be easily reached with a single
cycle refrigeration apparatus. At this temperature, the Henry's Law
constant are:

Component H @ -25°F in F-12
Nitrogen 570 atm.
Oxygen 325

Argon 255

Krypton 61

Xenon 18

The feed gas will be substantially air with some residual oxygen that
was added in the NOx column, plus krypton and xenon in the part per million
range. Assuming an off-gas stream of 120 CFM and krypton-xenon evolution
over a four hour period, the feed gas will contain about 500 ppm krypton
and 7300 ppm xenon. Considering that Oak Ridge has demonstrated the
efficiency of krypton absorption in the part per billion range, this is a
relatively rich feed and is moreover in a range where much experimental
data is available. Table 1 presents experimental performance data from
the Oak Ridge work that is pertinent to the design conditions. These data
indicate the high efficiency of the freon absorption process in the concen-
tration range anticipated as well as the critical nature of the L/G ratio
in the absorber column. The Freon-2 system using Goodloe packing at an
L/G ratio of from 3.5 to 4.25 is easily capable of providing a DF of much
better than 100 under the design conditions of temperature and pressure.
The Freon absorption system is composed of three columns; the absorber,
the fractionator, and the stripping column.




TABLE I

ABSCRPTION SYSTEM PERFORMANCE DATA

Run Number
1 2 3 4 5 6 T

Average Absorber Temperature, °F 24 ° -25° -30° -32° -31° 26 -26°
Absorber Pressure, psia L16 416 416 416 416 416 416
Solvent Flow Rate, gpm 0.75 0.75 0.75 0.75 0.75 1.0 1.0
Absorber Feed Gas:

Flow Rate, scfm 9.5 9.6 15.1 15.0 20.6 15.2 15.5

Krypton Concentration, ppm. 990 1670 125 305 60 1130 1070
Average L/G Ratio, mole basis 4.52 4.25 2.81 3.04 1.92 3.58 3.70
Krypten Removal in Absorber, % 99.71 99.81 97.51 98.51 T5.02 98.70 99.17
Absorber Column Krypton

Deccntanination Factor 345 526 Lo 67 4 17 120

Table from: Merriman and Pashley, "Engineering Development of an Absorption Process
for the Concentration and Collection of Krypton and Xenon", K-1786, 1970.

9¢
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The krypton rich liquid stream leaving the bottom of the absorber
is delivered to the top of the fractionator which operates at about 45
psig and 32°F. Heat is supplied to the bottom of the column to fractionate
out the more volatile components, nitrogen, oxygen and argon while retain-
ing a significant portion of the krypton and xenon in solution. The off-
gas from the fractionator is contaminated with krypton and is therefore
recycled to the suction side of the main compressor. The purpose of the
fractionator is to reduce the nitrogen and oxygen content of the krypton-
xenon stream to a low value in order to reduce the total volume of gas
which eventually will be sent to storage. The volatile gases fed to the
fractionator are better than 90% nitrogen and oxygen while the volatile
gases leaving the fractionator in solution are better than 80% krypton-
xenon. Twelve transfer units will effect this separation and the column
has been designed to provide not less than 15 transfer units.

Krypton bearing solvent from the fractionator is taken to the
stripping column which operates at a pressure of about 25 psia and a tem-
perature of 2°F. The remaining volatile gases are stripped from the Freon
solvent and are compressed and stored in standard hydrogen cylinders. It
is important that essentially all the krypton be stripped from the Freon
at this point so as to maximize the effectiveness of the absorber to which
the Freon is recycled. It can be seen from the Colburn equation [2] that
the presence of krypton in the liquid feed to the absorber will substan-
tially increase the number of transfer units for a given separation since
the term sz is subtracted from the gas outlet concentration, Yo» which
must be very low in order to achieve the desired decontamination.



where: NOG = number of transfer units

gas-liquid equilibrium coefficient
liquid flow rate, moles/min
gas flow rate, moles/min

gas phase mole fraction, absorbent
Tiquid phase mole fraction, absorbent
gas inlet end of column

i]

N = X < o x
"

gas outlet end of column.

y
If Xo is Tow enough to be considered zero, then the term becomes yl
2

which is the desired decontamination factor. This assumption is
particularly helpful in preliminary scoping calculations.

The gas streams leaving the top of the various columns will, of course,
be saturated in Freon-12 which must be condensed and refluxed back to the
columns. This is particularly important on the absorber column since the
flow through the column is substantial, and any freon in this stream will
be lost from the system. The Freon losses in a 125 cfm air stream at 375
psia and various temperatures are as follows:

Temp. Lbs/hr $/hr*
-20°F. 102 $25.50
-60°F. 36 $ 9.00
-100°F. 9.6 $ 2.40

*at 25¢/1b. F - 12

Losses from a lower pressure stream at the same temperatures would be
significantly greater. It can be concluded that the exit gas stream from
the absorber must be cooled to the area of -100°F while at the absorber
pressure in order to keep the F-12 losses to a practical level. This will
be accomplished by passing the exit gases through a cryogenic heat exchanger
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at 375 psia and -100°F. The condensed F-12 will be refluxed to the absorber.
The cooled gas will then be expanded through a turbo-expander such as those
manufactured by Rotoflow Corporation.13 Such equipment is extensively used

in gas liquifaction and in the recovery of Tiquified natural gas (LNG). The
turbo-expander cools the working fluid by adiabatic expansion while performing
work external to the system. A modern liquid oxygen plant is an excellent

example of this process.
The temperature of a gas expanded adiabatically is given by equation (3):

T, = Ty (p?—) K (3)
where: T] = gas inlet temperature R
T2 = gas outlet temperature R
P] = 1inlet pressure
P2 = outlet pressure
K = Cp/Cv (K air = 1.40)

Alternatively, a temperature-entropy diagram may be used if available.
Calculations were performed by both techniques using air as the working
fluid, and the results correlated within the limits of engineering accuracy.

The application of a turbo-expander to the system is shown in Figure [6].

The gas stream leaving the absorber column at -25°F is, of course,
saturated with F-12 at 375 psia. The exit