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ABSTRACT
United States regulations on nuclear reprocessing would limit the release of certain
radioactive volatile species, including 3H, 14C, 85Kr, and 129I. Conservative analyses
indicate that >99.9% of the iodine contained in used nuclear fuel could require capture.
Solid sorbents for this application include silver mordenite (AgZ) and silver nitrate–
impregnated alumina (AgA). AgA has been studied previously under simulated possible
reprocessing conditions to assess its effectiveness as an iodine sorbent, and those
results have been compared with well-characterized AgZ.
To date, AgZ and AgA have been investigated for use in iodine capture from offgas generated by aqueous fuel reprocessing. However, modifications to traditional
reprocessing have been considered, including upfront tritium pretreatment using NO2 as
the oxidant. This introduces large amounts of NO2 to the off-gas, which has been shown
to severely degrade the iodine capture performance of AgZ. Literature regarding the
behavior of AgA in NO2-bearing gas streams suggested that AgA could be better able to
retain its iodine-capture capabilities under these high-NO2 conditions. This hypothesis
was tested by exposing AgA to a high-NO2 environment for varying periods of time and
then measuring the iodine capacity of the sorbent. AgA retained 85%, 65%, and 25% of
its capture capacity when exposed to NO2 for 1 week, 2 weeks, and 4 weeks prior to
testing, respectively. When aged for 1 week and 4 weeks, AgZ only retained 3% and
8% of its capture capacity. In non-oxidizing conditions, the capture performance of the
sorbents is similar. Thus, this thesis supports the theory that AgA is more robust to the
presence of NO2 than AgZ and merits further consideration if advanced tritium
pretreatment is to be performed during fuel reprocessing.
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1.

INTRODUCTION

The reprocessing of used nuclear fuel (UNF) allows for the recovery of uranium and
other actinides for further processing and use. Reprocessing requires several steps,
typically including head-end processes (such as shearing and chopping), dissolution,
separations (typically solvent extraction), and some type of waste-form production. The
most familiar reprocessing flowsheet is the PUREX process (Plutonium Uranium Redox
Extraction), in which uranium and plutonium are separated from the minor actinides and
fission products via solvent extraction with tri-butyl phosphate (TBP).
Traditional aqueous reprocessing (of which PUREX is one type) dissolves the
UNF in nitric acid to allow the downstream processing to remove uranium and any other
products desired. The dissolution releases various volatile radionuclides from the fuel
into the dissolver off-gas (DOG) stream, including 3H, 14C, 85Kr, and 129I, as well as NOx
gases, stable xenon, and water vapor. The radionuclides that are volatilized would
require capture under US regulations (40 CFR 190, 10 CFR 20, and 40 CFR 61) before
the off-gas is released to the environment. If dissolution is performed directly after
shearing, the tritium released from the dissolver (as tritiated water vapor) is heavily
diluted by process water vapor that is volatilized from the dissolver solution and also
accumulates in the liquid inventory of the plant. This dilution can make effective capture
of tritium difficult.
Modifications to the reprocessing flowsheet can minimize this dilution in process
acid. A tritium pretreatment (TPT) step can be introduced where the UO2 is oxidized to
U3O8 prior to dissolution by contacting the fuel with an oxidizing gas stream at elevated
temperature. TPT releases >99% of the tritium contained within the fuel (Goode and
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Stacey 1979). Traditional TPT utilizes O2 as the oxidizing agent, while more recent
research has proposed the use of NO2 as the oxidizing agent (DelCul et al. 2010). The
latter process is referred to as advanced tritium pretreatment (ATPT) and potentially
quantitatively releases iodine contained in the fuel as well as tritium.
This upfront removal of tritium and iodine could be highly beneficial to the overall
off-gas capture process if effective capture of iodine and tritium could be achieved in the
ATPT off-gas stream (ATPTOG). However, the ATPTOG could contain high levels of
NO2 (up to 75 vol%). Such high-concentrations of NO2 have been shown to have
detrimental effects on the capture of iodine by one of the primary iodine capture
candidates, silver-exchanged mordenite (AgZ), as will be discussed in this thesis.
This research investigates the performance of an alternative iodine sorbent,
silver nitrate–impregnated alumina (AgA), for use in ATPT conditions, since it is known
that the presence of NO2 negatively impacts the iodine capture performance of AgZ.
To test the performance of AgA, iodine adsorption under proposed ATPT
conditions was examined. The iodine capture capability of AgA as a function of iodine
concentration, temperature, water content, and exposure to NO2 was determined and
compared to the performance of AgA to Ag0Z in similar conditions. This thesis includes
a brief background on UNF reprocessing technology and the associated off-gas
concerns; an overview of regulations that govern radioisotope release and mitigation; a
brief overview of historical iodine capture technologies; a literature review of AgA as an
iodine sorbent; a literature review of AgA as an iodine sorbent; the experimental
proposal, plan, and methodology; presentation and discussion of results; and
conclusions and recommendations for future research.
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Reprocessing and Off-Gas Basics
Reprocessing of UNF generally follows the outline seen in Fig. 1 (all figures in Appendix
B), typically beginning with the shearing process, where the fuel pellets are cut into
short segments to expose the fuel meat. This process releases a small portion of
volatile radionuclides (~5% 14C, Xe, and Kr and ~0.5% iodine); the off-gas from this
stage is referred to as the shear off-gas (SOG) and can be treated separately or routed
through the dissolver off-gas (DOG). The shortened fuel segments, with fuel exposed,
can then be sent either for dissolution or, alternatively, tritium pretreatment.
Tritium pretreatment (historically known as voloxidation) can be performed after
the fuel is sheared but before the fuel is dissolved. TPT uses oxygen to convert the UO2
present in fuel to U3O8 in a rotary calciner at temperatures ranging from 480°C–600°C.
This process causes the fuel to swell, allowing tritium in the pellet to diffuse to the
surface and interact with oxygen to form tritiated water, which volatilizes and is treated
in the off-gas system. This process can release >99% of the tritium in the fuel (Goode
and Stacey 1979, Goode et al. 1980). Dry tritium treatment removes the tritium before
the pellet is exposed to liquid-phase acid streams, preventing the dilution of tritium with
the non-tritiated water present in the dissolver.
Tritium pretreatment methods that utilize oxygen (either in air or in some other
ratio) release nonquantitative fractions of carbon (20-50%), iodine (1%), and krypton
(~5%) as described in Goode et al. (1980); other sources place the krypton volatilization
fraction at 7%–17% (Stone and Johnson 1978) and 50% (Bresee et al. 2012), while
OREOX (oxidation and reduction of oxide fuel, a similar process) releases 3.5%–30% of
the krypton (Sullivan and Cox 1995). Thus, traditional TPT only quantitatively releases
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one of the four major radionuclides of off-gas interest, necessitating a full DOG
treatment system when traditional TPT is employed (assuming that the fuel is not
cooled after irradiation for a significant period of time). A variant of tritium pretreatment
(ATPT) has been developed (DelCul et al. 2010) that uses NO2 as the primary oxidant
instead of O2. The ATPT process is believed to quantitatively release tritium and also
releases some fraction of iodine, in addition to requiring lower temperatures and
lowering the time required for complete oxidation. The head-end release of iodine
before dissolution could be of value if the iodine in the ATPT off-gas is captured
efficiently because it would prevent the spread and dilution of iodine to other process
operations and off-gas streams.
In aqueous reprocessing, after the fuel is separated from the cladding,
dissolution is used to prepare the fuel for separation processes downstream (e.g. with
the PUREX flowsheet). This dissolution occurs in nitric acid and releases NOx gases;
this is critical from an off-gas perspective, as both NO and NO2 can reduce the loading
capacity of sorbents used for iodine capture. The off-gas that is produced during this
stage is referred to as dissolver off-gas, one of the major categories of off-gases seen in
Fig. 2. Both the SOG and DOG streams mentioned above are processed as dictated by
the radioisotopes present within each stream. After this initial processing, they are then
fed into the stack. If no ATPT is performed, the majority of iodine release into the off-gas
occurs during dissolution; if ATPT is performed, the portion of iodine released during
dissolution could be greatly reduced as a majority would be released during this step.
After dissolution the dissolved fuel is then passed into the separation portion of
the flowsheet. The nitric acid solution of uranyl and plutonium(IV) nitrate (which also
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contains minor actinides and fission products) is processed to remove fission products
and minor actinides from the uranium and plutonium. The dissolution process contacts
the nitric acid solution with 30% tributyl-phosphate (TBP). Uranium and plutonium
preferentially partition into the organic TBP phase, leaving the fission products and
minor actinides, which are primarily trivalent, to remain in the aqueous acid phase.
Plutonium and uranium are separated from each other by preferentially reducing the
plutonium (IV) to plutonium (III). The latter oxidation state is insoluble in TBP, allowing
for a separation between uranium and plutonium.
This process and the associated auxiliary operations can volatize some of the
remaining radioiodine (<10% of initial inventory) that was not previously volatilized
(Jubin et al. 2013a). The vessels in which these processes occur are vented and dealt
with separately as the VOG stream. After separation, plutonium and uranium are
typically solidified and recycled for beneficial use and the fission product waste is
immobilized, often as a vitrified waste. The off-gases from the vitrification process is
called the melter off-gas (MOG). Neither the VOG nor MOG will be studied in this thesis.
A reprocessing off-gas block diagram can be seen in Fig. 2.

Dose Limits and Off-gas Mitigation Requirements
Any instance of commercial-scale reprocessing in the United States would require
compliance with several federal regulations pertaining to the radiation releases and
dose to the public. The primary radioisotopes that could be released in a gaseous form
are tritium, carbon-14, krypton-85, and iodine-129 with half-lives of 12.3 years, 5,730
years, 10.8 years, and 15.7 million years, respectively. The short half-lives of other
volatile radioactive species (such as xenon-133 and iodine-131, with half-lives of 5.2
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and 8.0 days, respectively), render treatment unnecessary as they will decay to <0.1%
of their activity within 80 days of the removal of fuel from the reactor. Consequently,
federal regulations will apply for the four radioisotopes mentioned above for the
reprocessing of UNF cooled for at least 5 years.
Release Limits/Dose Regulations
The three major federal regulations that apply to the release of these volatile
radioisotopes (specifically in some cases, and more generally as part of an overall dose
release limit in others) are 40 CFR 190, 10 CFR 20, and 40 CFR 61. The following
summaries of these regulations are based Jubin et al. (2012), which calculates the
doses for a maximally exposed individual under a variety of scenarios. One of the
factors that is discussed in the report is the effect of fuel aging on dose received. For
instance, with a fuel storage length exceeding 50 years it is possible in circumstances to
meet federal regulations governing the release of tritium without further removal efforts
(Jubin et al. 2012).
Decontamination Factor Requirements
According to Jubin et al. (2012), the authors conclude that the most restrictive limits are
set in 40 CFR 61, which regulates facilities operated by DOE. However, since a
reprocessing plant would be licensed by NRC, the authors utilize the lower limits set in
40 CFR 190. 40 CFR 61 regulates the operation of a facility owned or operated by DOE
and requires that “emissions of radionuclides to the ambient air from Department of
Energy facilities shall not exceed those amounts that would cause any member of the
public to receive an effective dose equivalent of 10 mrem/y.” 40 CFR 190 regulates the
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entirety of the fuel cycle and states: “The annual dose equivalent does not exceed 25
millirems to the whole body, 75 millirems to the thyroid, and 25 millirems to any other
organ of any member of the public as the result of exposures to planned discharges of
radioactive materials, radon and its daughters excepted to the general environment
from uranium fuel cycle operations and to radiation from these operations,” further
stating: “the total quantity of radioactive materials entering the general environment from
the entire uranium fuel cycle, per gigawatt-y of electrical energy produced by the fuel
cycle, contains less than 50,000 curies of krypton-85, 5 millicuries of iodine-129, and 0.5
millicuries combined of plutonium-239 and other alpha-emitting transuranic
radionuclides with half-lives greater than one year.”
The authors based their decontamination factor (DF) calculations on the basis of
2.5 mrem/y whole body and 7.5 mrem/y thyroid, which represent 10% of the allowable
maximums in 40 CFR 190. And, as can be seen in Table 1 (all tables in Appendix A), a
reprocessing plant must be able to achieve high DFs for tritium (600) and iodine (3,800)
to comply with current US regulations under the assumptions used in the report. Note
that the table is based on reprocessing of PWR UOX in a 1,000 tonne/y facility; with fuel
cooled for as little as 2 years and as long as 200 years (explaining the large ranges in
tritium and krypton DFs). The dose contributed by each volatile radionuclide is
presented in Fig. 3 as a function of time. Figure 3 shows the necessity of iodine removal
from off-gas streams. Nearly all the total exposure to radiation from volatiles released in
UNF reprocessing is from radioiodine if the release is not mitigated.
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Iodine Behavior in Reprocessing Plant and Off-Gas
Information about speciation of iodine within the reprocessing flowsheet, as well as the
characteristics of the various off-gas streams, is available primarily through international
sources of data. Japan, Germany, France, England, and Russia are sources for some
information regarding reprocessing information. This section summarizes the work in
(Jubin et al. 2013a).
Head end processes (shearing and tritium pretreatment)
Hermann et al. (1997) report that between ~0.3% of the iodine in present in the fuel is
released to the off-gas stream during shearing.
The amount of iodine released during tritium pretreatment varies significantly
depending on the type of TPT used. Air TPT leaves the majority of iodine trapped in the
fuel meat for release during dissolution. ATPT is believed to release a larger proportion
of the iodine present in the fuel. However, the high NO2 concentrations present in the
ATPT off-gas streams can hinder the capture of iodine, because the NO2 can react with
caustic scrubbers that are employed and can hinder the ability of Ag 0Z to capture iodine
(see “High NO2 Impact on Iodine Sorption” in this thesis). This problem of high NO2
content has motivated the research proposed in this document.
Dissolver Off-Gas
Sakurai et al. (1997) report that during laboratory-scale, fuel-simulant tests that more
than 90% of the iodine that is present in the UNF is released during dissolution.
Specifically, the authors propose that iodine is released by the following reactions.
1
𝐼 − + 2𝐻+ + 𝑁𝑂3− ⇌ 𝐼2 (𝑎𝑞) + 𝑁𝑂2 + 𝐻2 𝑂(𝑙)
2

(1)
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1
𝐼 − + 4𝐻+ + 𝑁𝑂2− + 2𝑁𝑂3− ⇌ 𝐼2 (𝑎𝑞) + 3𝑁𝑂2 + 2𝐻2 𝑂(𝑙)
2

(2)

𝐼2 (𝑎𝑞) ⇌ 𝐼2 (𝑔)

(3)

Equations 1–3 describe how iodine partitions out of the dissolver solution and
into the DOG. Iodine present in the fuel is dissolved in acid, where it is oxidized by the
nitrate ion present in the dissolver to produce elemental iodine, which then volatilizes
and reports to the DOG. Some of the iodine is held in solution as an iodate, as
described in equation 4.
𝐼2 (𝑎𝑞) + 8𝐻+ + 10𝑁𝑂3− ⇌ 2𝐼𝑂3− + 10𝑁𝑂2 (𝑎𝑞) + 4𝐻2 𝑂(𝑙)

(4)

The iodine is also capable of forming colloids in solution, by forming AgI and
PdI2. Colloidal iodine is not as easily volatilized, but it can be driven out of solution by
decomposition in hot acid solutions according to equations 5–7.
3𝐼 − + 𝐴𝑔+ + 𝑃𝑑 2+ ⇌ 𝐴𝑔𝐼(𝑠) + 𝑃𝑑𝐼2 (𝑠)

(5)

1
𝐴𝑔𝐼(𝑠) + 2𝐻+ + 𝑁𝑂3− ⇌ 𝐼2 (𝑎𝑞) + 𝐴𝑔+ + 𝑁𝑂2 (𝑔) + 𝐻2 𝑂(𝑙)
2

(6)

𝑃𝑑𝐼2 (𝑠) + 4𝐻+ + 2𝑁𝑂3− ⇌ 𝐼2 (𝑎𝑞) + 2𝑃𝑑 + + 2𝑁𝑂2 (𝑔) + 2𝐻2 𝑂(𝑙)

(7)

Plant experience confirms that the majority of iodine is released to the off-gas
during dissolution, ranging from 94% (Hermann et al. 1997) to 99% (Leudet et al. 1982)
especially when the dissolver solution is sparged with NOx.
Vessel Off-Gas
German researchers have reported conditions at the Karlsruhe Reprocessing Plant
(WAK) reprocessing plant where the VOG flowrate is estimated to be ~300 m3/h and
which contains half of the iodine that remains in the dissolver solution (Hermann et al.

9

1997). That estimate suggests a total flowrate of ~2500 m3/h for the VOG system at an
iodine concentration of 62 ppb (compared to ~25 ppm for the DOG system).
Summary of Iodine Off-Gas
Figure 4 compares the relative amount of iodine that would be released through each of
the off-gas streams present in an aqueous reprocessing flowsheet. Note that the DOG
has the largest size, corresponding to the relative amount of iodine present in that
treatment stream. This is true if ATPT is not performed; however, if ATPT is used, then
the ATPTOG stream would likely be a significant carrier of iodine.
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2.

LITERATURE REVIEW

Historical Approaches to Iodine Capture
There is a long history of iodine mitigation of nuclear reprocessing off-gas streams. In
the United States, methods for iodine removal from off-gas streams were employed as
early as the 1940s at the Hanford site, with Hebel and Cottone (1981) stating that “[t]he
problem of radio-iodine emissions arose in the world’s first reprocessing plant at
Hanford shortly after it started up in 1945 [p. 69].” Several different capture methods
have been considered, including both liquid- and solid-phase capture systems.
Liquid scrubbers have been considered and tested for iodine capture. These
have ranged from simple caustic (e.g. NaOH) scrubbers to more complex processes
such as Iodox or Mercurex.
Caustic scrubbing was one of the earliest methods of iodine control, but the
process was inconsistent (reported DFs ranged from 10 to 1,000 in Burger and Scheele
1983) and ineffective for organic iodides. It was employed at the Windscale, THORP
(Thermal Oxide Reprocessing Plant), La Hague, and Tokai reprocessing facilities
(Hebel and Cottone 1981). Caustic scrubbing also traps both carbon and NO2, which
requires consideration when performing the design of a scrubber unit. The process
reacts iodine with NaOH to generate NaI, NaOI, and NaIO3. However, because iodine is
only a minor system component compared with CO2 (from the atmosphere) and NO2
(from dissolution), the process generates NaNO2, NaNO3, and Na2CO3 in significant
quantities (Hebel and Cottone 1981). The process operation and efficiency are
ultimately controlled by the rate of formation of Na2CO3 because of sodium carbonate’s
solubility limitations.
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The Mercurex process was proposed in the 1950s and studied through the 1970s
at ORNL. Mercurex uses mercury nitrate in nitric acid and has high removal efficiencies
for elemental iodine (DF > 104, International Atomic Energy Agency 1980), but the
hazards and waste were not as suitable for industrial deployment (Burger and Scheele
1983). Iodox was also developed at ORNL and uses hyperazeotropic nitric acid to
capture iodine as iodic acid. Iodox was found to be effective at removing both elemental
and organic iodine (DF > 104, International Atomic Energy Agency 1980), though it was
claimed that high concentrations of NOx and water were detrimental to iodine capture.
Burger and Scheele (1983) say the process was successfully demonstrated in the
presence of 8% NO2 and 2% H2O. A version of Mercurex (with a more dilute nitric acid
concentration) was employed at the Fast Reactor Chemical Plant in the UK to remove
iodine from UNF from the Dounreay Fast Reactor (Allardice and Wallace, 1965).
There are also several solid sorbents that can be used for iodine removal. The
first sorbent used for capture was activated charcoal, which was used for mitigation of
iodine-131 release for nuclear reactor operation rather than iodine-129 mitigation
(Hebbel and Cottone 1981). Charcoal exhibits a wide range of efficiency depending on
the iodine form and type of charcoal being used. Charcoal does not provide a stable
storage mechanism for iodine. Further, NO2 is incompatible with charcoal making it
impractical in fuel reprocessing applications, especially if high concentrations of NO 2 are
present.
Some of the earliest work on silver as a method of iodine capture was the “silver
reactor” used at Hanford for iodine control. The silver reactor contained ceramic packing
(such as Intalox saddles) coated in silver nitrate. The off-gas was then passed through
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these beds, reacting the iodine with the silver to form AgIO3 and AgI. However, the
silver reactor had a variable efficiency that required precise temperature control. The
Hanford silver reactor had an operating DF of <100, and the iodine that was captured
was displaced by chlorine (Burger and Scheele 1983).
The use of other silver-bearing compounds followed. Silver zeolites were used
for iodine capture at Idaho National Laboratory (INL) and studied at ORNL, INL, and
Pacific Northwest National Laboratory (PNNL). Initial research with zeolites used type-X
zeolites (faujasite), but studies found that faujasite was susceptible to degradation in
acidic streams. Silver mordenite (AgZ) has been studied extensively and exhibits higher
acid resistance. Further, the iodine capture performance of AgZ is enhanced if it is
reduced beforehand (Jubin 1981), and DFs greater than 1,000 have been demonstrated
for elemental and organic iodine. Note that through this thesis where AgZ is used, the
material is typically reduced with hydrogen before usage. This has been referred to in
other ORNL reports as Ag0Z.
Silver nitrate–impregnated silica (AgS) was first tested by German researchers at
WAK for iodine control. AgS is comparable with AgZ in terms of iodine capture
performance, but it is generally more resistant to NO2 in the off-gas stream. AgS is
similar conceptually to AgA because the capture mechanism is based on the presence
of the silver nitrate and the silica (and alumina) serves as a support.
The final choice of sorbent depends on the processing conditions expected.
Factors other than iodine adsorption capacity must be considered for any real-world
reprocessing facility. Typical aqueous reprocessing can result in harsh conditions; for
example, the fuel pellets are dissolved in a solution of ~7 M nitric acid generating NOx
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that reports to the off-gas. These vapors are carried through the gaseous processing
streams, so any material that is used to capture iodine should also be suitably resistant
to NOx. If ATPT is employed, the resistance to NOx becomes even more critical.
Removal of NOx before iodine adsorption is a possibility (e.g. with a dilute nitric acid
NOx scrubber) but such operations could lead to retention of iodine outside of the
desired iodine capture step, necessitating further research. Presently this work focuses
on iodine removal in the presence of high concentrations of NOx.

AgA as iodine sorbent
Silver nitrate–impregnated alumina has been considered for iodine sorption since at
least the early- to mid-1970s (Gal et al. 1975). Early research on the material can be
found in Kikuchi et al. (1978) where the authors evaluated AgA as an alternative to
charcoal and compare AgA to silver zeolite (specifically silver-exchanged faujasite,
AgX), finding that AgA more effectively removes iodine in the presence of high
concentrations of water, especially at lower silver content. The authors conclude that
the increased capacity of AgA to adsorb iodine in the presence of water is a function of
the AgA’s more favorable pore size distribution. Namely, a larger percentage of the
pores of AgX are covered with capillary-condensed water than the pores of AgA.
Japanese work on AgA continued in Hattori et al. (1984), where the authors
compared various silver–impregnated sorbents including zeolite (faujasite), mordenite,
alumina, and silica gel on their ability to capture elemental and organic iodine. The
authors saturated AgA with iodine and compared the effects of contaminants (NOx and
H2O) and regeneration. Their experiments found that low quantities of water and NOx
(1%) did not affect the saturation concentration of iodine on AgA, but the same
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impurities decreased the saturation concentration of iodine loading onto AgX and AgZ.
The iodine captured by the AgNO3 was determined to be a combination of both AgI and
AgIO3, and AgIO3 was decomposed by heating the sorbent to 500°C. The sorbents
were also regenerated using hydrogen at 500°C. This regeneration process did not
affect the iodine loading capacity of AgA, but it did decrease the loading capacity of AgX
and Ag0Z. The authors also saturated the sorbents with methyl iodide and proposed
reactions for the loading of methyl iodide onto AgA. The reactions are given in
equations 8–10. The authors concluded that the presence of NOx aided in methyl iodide
adsorption because, as some of the silver in AgNO3 was reduced to metallic form, the
NOx present in the system could reoxidize it to AgNO3. The study used the following
conditions: iodine at 750 ppmv; methyl iodide at 1,500 ppmv; velocity of 5 cm/s
(3 m/min); and silver contents of 38, 20, 10, and 12 wt% for AgX, Ag0Z, AgA, and AgS
respectively. The regeneration temperature was 500°C, and the velocity was 25 cm/s
(15 m/min).
2𝐴𝑔 + 2𝐶𝐻3 𝐼 + 𝐻2 𝑂 → 2𝐴𝑔𝐼 + 𝐶𝐻4 + 𝐶𝐻3 𝑂𝐻

(8)

2𝐴𝑔 + 2𝑁𝑂2 + 𝑂2 → 2𝐴𝑔𝑁𝑂3

(9)

2𝐴𝑔𝑁𝑂3 + 𝐶𝐻3 𝐼 → 𝐴𝑔𝐼 + 𝐶𝐻3 𝑂𝑁𝑂2

(10)

The stability of the iodine form was examined further in Mizuno et al. (1986).
AgA, AgS, and AgX were saturated with iodine then weighed in a thermogravimetric
analyzer as the temperature was varied from 150°C to 1200°C. AgX released iodine
throughout the entire temperature range, but AgA and AgS were found to not release
iodine until the temperature was greater than 500°C. The authors suggest that AgX
released iodine at lower temperatures because some iodine was physically held in the
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sorbent, but iodine was only chemically bonded in AgA and AgS. The authors then
leached saturated sorbents with water to determine the leach rate. It was found that
AgX had a different leaching mechanism than AgA and AgS. The authors postulate that
AgIO3 was responsible for the iodine observed in the leach solution. The authors then
used the concentration of iodine in the water as a stand-in for iodine held as AgIO3, and
from the difference they determined that iodine is captured onto AgA as both AgI and
AgIO3 in the mole ratio of 1:2, implying the following reaction (equation 11):
6𝐴𝑔𝑁𝑂3 + 3𝐼2 → 2𝐴𝑔𝐼 + 4𝐴𝑔𝐼𝑂3 + 6𝑁𝑂

(11)

The authors then determined experimentally that AgA can become leach resistant by
heating the sorbent to 450°C after loading to convert the AgIO3 to AgI. These reports
highlight that AgA is a stable adsorbent for iodine, both in terms of final waste form
(Hattori et al. 1984, Mizuno et al. 1986) and in resistance to water. AgA is resistant to
high and low concentrations of water (Kikuchi et al. 1978, Hattori et al. 1984) and low
concentrations of NOx (1%) (Hattori et al. 1984).
Note that Kikuchi et al. (1978) report their results in terms of removal efficiency
which is defined below. The definitions of and relationship between the RE and DF are
given by equations 12–14.
[𝑥]𝑖
[𝑥]𝑜

(12)

[𝑥]𝑖 − [𝑥]𝑜
[𝑥]𝑖

(13)

1
1 − 𝑅𝐸

(14)

𝐷𝐹 =

𝑅𝐸 =

𝐷𝐹 =

Hattori et al. (1984) compares materials on the basis of saturation capacity. This
distinction is critical to understand because it is not possible to directly convert from DF
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to saturation capacity without more information. Saturation capacity is ultimately a
function of the sorbent, whereas DF is a function of the system and depends on factors
such as gas velocity, inlet concentration, and temperature. This is worth remembering
when comparing the results presented in different literature and in this report.
Determination of loading and how close the sorbent is to saturation can be obtained
from measuring the solid for iodine; determination of DF requires measurement of the
inlet and outlet stream compositions.
Fukusawa et al. (1994) demonstrated the feasibility of AgA as a sorbent in a
more applied fashion. The authors report DFs of >1,000 for an inlet gas stream
containing 750 ppmv I2 for an AgA bed consisting of 24 wt% silver AgA at a bed depth
of 5 cm (gas velocity not specified). Under these conditions, the addition of 1% NOx and
water having no effect on the DF. The authors report that the variation of iodine
concentration did not affect the overall DF over the range of 10–100 ppmv I2. While
previous research tested the impact of NOx at low concentrations (~1% NOx) and found
no effect, high concentrations of NO2 (>70%) were found to lower the DF. The authors
also determined the DF in experiments at the WAK. The AgA sorbent beds were tested
on actual dissolver off-gas streams, and at bed depths of 10 cm, the DF was found to
be 104. The conditions in the plant were as follows: 80/20 split between I2/organic
iodides, iodine concentration of 0.1 ppmv, 20 cm/s gas velocity, temperature of 140°C,
5 vol% NOx with a 50/50 split between NO2/NO, and 0.4 vol% water.

High NO2 Impact on Iodine Sorption
Much of the literature on silver sorbents and, specifically, AgA suggests that they are
effective at trapping iodine. This effectiveness is enhanced by the fact that iodine forms
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a stable chemical form when captured with silver (AgI). When low levels of NOx are
present (1%–2% up to 5% NOx) in the gas stream, AgA is found to still capture iodine
effectively. In the context of the research problem at hand, namely of capturing iodine in
high-NO2 environments, the underlying body of research would suggest that AgA—or at
least other AgNO3-based sorbents—is a promising sorbent.
Investigations into the ability of sorbents to effectively trap iodine at high
concentrations were conducted at ORNL. Sorbents were exposed to gas environments
for periods of time ranging from 1 week to 6 months, a process referred to as “aging”.
There are two types of aging: static and dynamic. In the former, the sorbent of interest is
placed in a sealed chamber for the desired time without changes in the gas
environment. For example, Ag0Z would be placed in a sealed chamber that had been
evacuated and filled with humid air. In the latter case, the sorbent is continuously
exposed to a flowing gas stream. Dynamic aging is more representative of the types of
conditions expected in any iodine capture process with contaminants in the off-gas
stream (including ATPTOG), but static aging is less difficult to employ. Following aging,
the sorbents were tested for total iodine capacity.
Testing at ORNL (presented in Table 2) demonstrates the effect of high and low
NO2 static aging as well as aging under air dry and humid conditions, sourced from
ORNL reports (Jubin et al. 2013b, Bruffey et al. 2015a, Bruffey et al. 2015b).
Table 2 shows that exposure to dry air or humid air for long periods of time
reduces the iodine loading capacity for Ag0Z. The suspected cause for this is the
oxidation of silver in such streams from the metallic state to an oxidized form (likely
Ag2O). This could be a natural consequence of the conclusions found in Jubin (1981),
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which found that capacity of AgZ is increased if the material is reduced by exposure to
hydrogen at elevated temperature before use.
Given the demonstration that exposure to flowing air (dynamic aging) could
reduce the iodine loading capacity of AgZ, experiments were performed to determine if
exposure to NO2 would also reduce the loading capacity of AgZ. Since NO2 is a strong
oxidizer, the theory was that exposure to NO2 would oxidize the silver from the metallic
state, and thus hinder the ability of the material to trap iodine (similar to the oxygen in
air, but more strongly). At low concentrations of NO2 (2%) exposure for 2 months, the
saturated loading capacity dropped by 30%. For high-concentration exposures (75%),
the effect was found to be more pronounced, with >90% of the saturated iodine loading
capacity lost.
That work provided evidence to suggest that Ag0Z would not be an effective
sorbent for the capture of iodine from high-concentration NO2 streams. Prior work
available in the literature suggested that AgA could be a promising sorbent. Although
Jubin et al. (2013b) showed a capacity loss of 30% for Ag0Z upon exposure to low NO2
environments, Hattori et al. (1984) showed no change in AgA loading capacity when low
concentrations of NOx were present in the gas stream. This represents a difference in
the aging mechanism (static versus dynamic), but Hattori et al. (1984) also found that
the presence of small amounts of NOx did decrease the loading capacity of Ag0Z, which
the Jubin et al. (2013b) results seem to corroborate. Fukusawa et al. (1994) also found
that low levels of NOx did not decrease iodine capture performance by AgA. Further,
Fukusawa et al. (2008) reported DFs over 104 for AgA in a DOG environment, which
would include low concentrations of NO2.
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However, firm comparisons between experiments that report DFs and those that
report loading capacity must be made with caution. It is for this reason that the
Japanese literature should serve merely as a suggestion of performance of AgA in
conditions of high NO2 concentration. Firm conclusions must be drawn in experiments
specifically designed to test that conclusion.
There was very little information in the literature about the performance of AgA at
high-NO2 concentrations. Fukusawa et al. (1994) mentions that “[w]ater vapor (relative
humidity) and NOx of over ~70 vol% had an effect and lowered the DF value,” but the
amount that the DF is lowered is not reported. Thus, the performance of AgA could still
be enough to apply in a high-NO2 environment, depending on the necessary DF
required in an ATPT system.

Summary
In aggregate, the literature suggests that AgA is similar to AgZ in terms of iodine
capture performance. There are some differences in terms of iodine utilization and
saturation capacity, but DF values have been found to be similar under typical
reprocessing conditions. Kikuchi et al. (1978) reports that methyl iodide removal
efficiency for 10 wt% silver AgA is higher than for 10 wt% silver AgZ at ambient
temperature, and it is about the same or slightly greater at 60 g/g silver for both
sorbents (this silver concentration is likely the ratio of Ag mass:non-Ag mass of zeolite,
not a silver weight percent). Hattori et al. (1984) reports the saturation iodine loading on
AgZ as ~230 mg I2/g compared to ~95 mg I2/g for AgA. However, the AgZ was
impregnated with silver at a concentration of 20 wt% compared to 10% for the AgA.
Consequently, the iodine-to-silver weight ratio is similar (1.15:1 for AgZ and 0.95:1 for
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AgA). These results are representative of a different set of parameters than will be
tested in this research; Kikuchi et al. (1978) measured methyl iodide capture
performance and Hattori et al. (1984) operated at much higher concentrations of iodine
(750 ppmv as opposed to 25–75 ppmv).
AgA appears to be more robust than Ag0Z to the presence of NOx. Hattori et al.
(1984) reports that the presence of 1% NOx (NO/NO2 ratio unknown) does not result in
any weight gain (indicating that NOx does not adsorb onto the material). The saturated
iodine concentration for AgA loaded without NOx is unchanged from the saturated iodine
concentrated when loaded with 1% NOx and 1% H2O. Fukasawa et al. (1994) also
reports that the presence of <10% concentrations of NOx do not affect the iodine
loading; however, very high NOx concentrations (>70%) lowered the iodine DF. These
experiments provide the strongest basis for the use of AgA as an NO2-robust sorbent.
However, both reports operated at higher iodine concentrations than will be used in this
research.
Ultimately the literature seems to suggest that AgA is more robust to the
presence of NOx than AgZ. Further, the aging work performed at ORNL shows >90%
capacity losses for iodine capture by AgZ under high NO2 conditions, which serves as a
baseline of performance by which AgA under similar conditions can be compared.
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3.

MOTIVATION AND PROPOSED RESEARCH

ATPT has several advantages over air tritium pretreatment for tritium removal from fuel
prior to dissolution, including shorter reaction time, lower temperature, and perhaps
most importantly from an off-gas treatment perspective, greater liberation of iodine. For
this latter advantage to be fully realized, there must be an effective process for
removing iodine from the ATPT off-gas stream following release from the fuel. The
concentration of iodine in such a stream is likely to be high—at least on the order of
DOG concentrations and possibly higher—which would allow for a high-efficiency of
iodine capture. However, such streams would have large amounts of NO2 (>70%). The
Ag0Z sorbent technology used at ORNL is severely hindered by high NO2
concentrations.
An alternative iodine sorbent, AgA was selected to serve as a comparison to
Ag0Z for iodine capture. To determine its suitability for iodine capture after an ATPT
process, AgA was tested for iodine capture performance under a variety of conditions
(Table 3) which serve as reasonable parameters for an ATPTOG stream. There were
four primary experimental variables: (1) temperature, (2) iodine concentration, (3) water
content, and (4) NO2 exposure. The results from these tests were compared with Ag 0Z
under similar conditions to allow the overall performance of the two sorbents under
these conditions to be evaluated.
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4.

METHODOLOGY

Sample Preparation
AgA was produced from commercially available alumina material. The alumina
desiccant spheres were obtained from Sorbent Technologies. To transfer silver to the
alumina, about 500 g of the alumina was combined with 125 g AgNO3 in 380 mL
distilled water. This solution was heated under vacuum in a rotary evaporator for 9
hours at a maximum temperature of 125°C. The resulting AgA (Fig. 5, left) was then
exposed (aged) to NOx to simulate the extended exposure of the material to the
expected off-gas stream. All of the experiments in this work used AgA from the same
batch; the aged samples were pulled from the larger stock of AgA. All of the stock
sorbents were stored in closed containers under atmospheric conditions.
The aging of the material was conducted in a static system by placing samples of
the AgA into three separate stainless-steel tubes (Fig. 6). The sample sizes were
8.4755, 7.6024, and 8.0495 g. The sample holders were then evacuated, filled with
100% NO2, then diluted with dry air to reach the final NO2 concentration. The loaded
tubes were heated to 150°C in an oven and held at this temperature for 1, 2, or
4 weeks. After being removed from the oven each sample was exposed to a dry air
(dew point less than –60°C) stream at a flow rate of 2 LPM for a period of 1 hour to
remove any residual NO2. The resulting aged material is shown in the center of Fig. 5.
Stainless-steel sample holders were manufactured from 6-inch sections of 316
stainless-steel tubing (wall thickness 0.083 in.; internal diameter 0.834 in.). An
assembled sample holder is shown in Fig. 6. Valves on either end allowed gas flow
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through the chamber during air purging and were used to isolate the sample charge
during aging.

System Setup and Design
To load iodine onto the AgA, sorbent material is placed in mesh basket that is contained
within a glass chimney and exposed to a flowing gas stream whose composition can be
altered to achieve the desired experimental conditions. The mesh basket rests entirely
on an analytical balance unconnected from the oven, which keeps the vibrations of oven
from affecting the recorded weight. Typically, enough sorbent material is placed in the
basket to allow a thin layer of the sorbent material to cover the bottom of the basket.
The oven and balance together serve as a thermogravimetric analyzer (TGA), pictured
in Figs. 7 and 8.
The feed gas stream is generated outside the TGA. The system used in these
experiments includes a gas manifold capable of mixing dry air, humid air, and iodine at
concentrations appropriate for the test regime. Dry air is provided by passing an inlet air
stream—plant air available within the lab with varying dew point—through a drying
system that consists of two sets of three parallel packed columns which are
subsequently connected in series. The first set of packed columns is filled with Drierite
to lower the dew point of the gas stream to about –40°C. The second set of packed
columns is filled with 3A molecular sieve (3AMS) to further lower the dew point and
remove unfiltered impurities that could be in the gas stream. The dew point of this dry
air stream is monitored continuously by a Vaisala hygrometer. Drying of the air results in
dew points of about –60°C. The drying train can be seen in Fig. 9.
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The humid air stream is generated by passing the specified flowrate of dry air
through a bubbler filled with water. This results in a humid air stream with a dew point
close to room temperature (~20°C–22°C). The effluent stream from the bubbler is then
passed through a condenser that is held at 18°C to remove some of the humidity, which
limits water condensation downstream of the bubbler. This humid stream is then fed into
the gas manifold and mixed with the diluent dry air stream.
Iodine is generated by passing dry air through a column that contains elemental
iodine in crystalline form. The iodine column must be periodically agitated to limit
channeling. The iodine column is held at 18°C so that the saturation vapor pressure is
known, allowing one to calculate the total iodine delivery, and to limit downstream
sublimation of iodine. The presence of iodine can be qualitatively checked by flowing
the column effluent over a wet piece of paper; iodine in the stream will change the color
of the paper to a dark blue/purple color. Quantitative determination of iodine content can
be determined by bubbling the iodine-bearing stream through a caustic bubbler and
analyzing the solution with an iodine-selective electrode. A picture of the full gas
manifold and oven can be seen in Fig. 10, which also shows the iodine column on the
right side; the drying train is not pictured.
The relative concentrations of water and iodine in the gas stream can be varied
by changing the flowrates of the bubbler or column inlet streams. The total flowrate is
set based on the desired gas velocity over the sorbent bed. The superficial gas velocity
is calculated based on the mass flowrate through the chimney—which is based on the
known flowrate through the mass flow controllers outside the oven and adjusted for
oven operating temperature—and by the cross-sectional area of the chimney.
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After the gas streams are mixed in the gas manifold, the resulting feed gas is
piped into the oven. Once inside, the gas stream passes through a 10 ft coil of Inconel
tubing to allow the gas stream to heat up to the desired temperature. The stream then is
routed through the glass chimney, flowing over the sorbent bed. To prevent the feed
stream from residing in the oven, risking corrosion by the humid iodine stream, a
bulkhead fitting was placed in the side of the oven and connected to a vacuum on the
outlet. This effluent from the oven passes through a charcoal trap, then is released to
the back of the hood. Figure 11 shows the system flow diagram.

Experimental Procedure
The loading experiments consists of three phases (this does not include material
preparation or aging). The first is the drying phase, where dry air is passed over the
sample bed to remove physisorbed water on the material. The second is the iodineloading phase, where iodine and other gases of interest (such as water vapor or NOx)
are added to the dry air stream. This phase lasts as long as needed to allow the weight
of the sorbent as measured by the balance to stabilize to < 0.5%/d weight gain. The
third phase is the air purge, where dry air is once again passed over the sorbent bed to
remove physisorbed material. The third phase lasts approximately 24 hours or until the
weight of the material stabilizes. In all three phases the gas velocity is maintained at a
constant value (10 m/min). The weight is continuously monitored through these phases.
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5.

ANALYSIS

The loading of iodine on the sorbents is presented in weight percent (it is assumed that
all of the weight gain is from iodine adsorption), which is a measure of the performance
of the material. The loading can be determined using weight estimates and neutron
activation analysis (NAA). Weight estimates from the TGA are easier to obtain and can
also yield comparative information about loading curve shape and loading rate, but
estimates can be confounded by the adsorption of species other than iodine. NAA
analysis gives the iodine content without confounding from other species. However,
NAA is more expensive and requires access to a neutron source.

Weight Estimates
Primary data analysis is performed using weight estimates of iodine adsorption. The
weight of the material is monitored through the experiment once every minute. This is
reported as the weight gain estimate, usually in the form of milligrams per gram of initial
sorbent. Weight estimates are useful because they provide real-time feedback on the
progress of the adsorption. This feedback allows several adsorption effects to be
visualized, including air purging (i.e., physisorbed iodine can be purged with dry air, and
the change in weight can be monitored), loading curve, and rate.
Weight estimates are subject to fluctuations based on factors that can be difficult
to control. Some sorbents degrade to a fine powder when left exposed to gas flow and
high temperature for long periods of time. In such cases, the TGA system would fail to
adequately measure the adsorption of iodine as some of the bulk material will pass
through sorbent bed support mesh. Note that fines generation did not occur to a
noticeable degree with AgA under the conditions tested.
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Neutron Activation Analysis
Neutron activation analysis is a valuable analysis method that allows determination of
the iodine adsorption on the material that is independent from the weight
measurements. After the solid sorbents are loaded with iodine they are packaged and
sent to the High Flux Isotope Reactor (HFIR) at ORNL. The NAA lab at HFIR can use
neutron fluxes of 4 × 1014 n/cm2-s and 4 × 1013 n/cm2-s to irradiate materials. In the
case of AgA, this allows for detection of iodine-128 after iodine-127 (the only stable
iodine isotope) absorbs a neutron. The analysis and iodine quantification are all
performed at ORNL’s NAA lab.
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6.

RESULTS AND DISCUSSION

A final table of results for the experiments described above is given in Table 4. The
results for each of the variables examined (temperature, aging, I2 concentration,
humidity) are discussed in subsections below. Figure 12 provides an example of a
typical loading curve for these experiments. The loading curves tend to have three
major regions. The first is a period of weight loss as water is removed from the material
and then steady weight during the drying phase. The second phase is the loading
phase, where there is a period of relatively rapid iodine uptake for several hour, after
which the iodine loading rate decrease then continually slows down as the sorbent
material approaches saturation. Finally, the loading curves typically exhibit a sharp drop
in weight once the air purge begins, as physisorbed material is removed.

Concentration Series
The final iodine loading amount as estimated by weight shows little variation as a
function of concentration (Fig. 13). However, there are notable differences in the iodine
loading rate. All three curves have very similar initial loading rates for the first ~6 hours,
but the rate then declines for the 25 ppm run. The 50 and 75 ppm runs also have similar
rates for another 10 hours, before the 50 ppm run rate decreases. The final reported
iodine weight capacity is reported in Fig. 14 (error bar estimation method is explained
further in Section 6). The TGA data is clustered within <0.5 wt%, implying little to no
effect of concentration, while the NAA data shows a more pronounced effect. It is
difficult to conclude conclusively whether concentration has a significant effect on total
iodine loading; given the possible variation in NAA measurements (discussed further in
more detail) it seems likely the differences are minor.
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Humidity Series
The effect of moisture on iodine loading appears to be positive (Figs. 15 and 16), which
could point to water aiding loading of iodine onto AgA. Water adsorption was not
observed on a blank AgA sample (discussed in more detail further, see Fig. 25). That
the presence of water is not detrimental to iodine adsorption on AgA is reinforced by the
literature (Kikuchi et al. 1978 and Hattori et al. 1984).

Temperature Series
Figure 17 shows the loading curves for the temperature series. Fukusawa et al. (1994)
reported that iodine DF increased as temperature increased from 30°C–100°C and
remained steady from 100°C to ~160°C. If one assumes that DF and saturation loading
capacity are related, the weight results here seem to contradict that finding, as the
loading capacity of the material was found to be 120 mg iodine per gram of AgA (mg I/g
AgA) in the 30°C test, and only 101 mg I/g AgA in the 150°C test. However, such an
assumption is not necessarily valid, as DF is not an intrinsic property of a material and
is highly dependent on test conditions.
Note that there are two runs plotted for the 30°C test condition. This was due to
the erratic “sawtooth” patterns observed in the initial run which were found to be caused
by temperature fluctuations. The second run was performed using a different TGA
system that was not as stable as the original setup, which was the cause of the
increased fluctuation observed in that run. The first run at 30°C was sent for iodine
analysis by NAA whereas, the repeated was not. Consequently, comparisons will be
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made for the original run where possible. The repeat run serves to demonstrate that the
high weight gain was not entirely caused by the anomaly.
Figure 18 shows that the 30°C run exhibits a high degree of variation between
the weight and NAA results. Specifically, the NAA result for iodine loading on the 30°C
material was found to be much lower than the weight estimate. This discrepancy merits
further study. One possible explanation is that the iodine adsorption at lower
temperature is driven more by physisorption than at higher temperatures. If the iodine is
not stably held as AgI or AgIO3, desorption of iodine could take place during removal of
the sample by vacuum, storage, or sample collection. Figure 19 plots the raw weight of
the sample against the room and balance temperatures. The “ridge” in the weight curve
appears to be linked to the decrease in temperature observed at the same time,
providing a possible cause for the apparent weight excursion. Because of the
temperature issues, that run was repeated.
A combination of factors, including the NAA results, prior literature results, and
comparisons with other sorbents, suggests that the performance of silver-based
sorbents should be better at higher temperatures. If AgA is investigated more in the
future, reexamining these results could prove fruitful.

NO2 Aging Series
Extended exposure of AgA to an NO2-bearing atmosphere results in visible changes as
seen previously (Fig. 5). Iodine loading tests of the aged material were also conducted
to determine the effect of exposure on iodine capture performance. Figure 20 plots the
loading curves for the unaged, 1-week aged, 2-week aged, and 4-week aged material,
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and Figure 21 compares the iodine loading numbers generated by weight estimates and
NAA.
There is a steady drop in iodine loading capacity as the length of NO2 aging
increases. The 4-week aged material exhibited just over 50% reduction in capacity from
the unaged material, by NAA; weight estimates on the TGA put this difference at 76%
reduction in capacity. To gain some context for these numbers, it is useful to compare
these values to the values for AgZ.
Figure 22 shows the difference in behavior in an NO2 aged environment between
AgZ and AgA is significant, especially at the shorter aging time (1 week). AgZ exhibited
a >90% reduction in performance when exposed to a high NO2 environment for even 1
week; the effect on AgA at 1 week is a comparatively small 16% loss in capacity. At 4
weeks of aging, the capacity reduction is 92% for AgZ and 76% for AgA. This
comparison must be made using weight estimates as NAA data is not available for the
loaded AgZ material. However, the weight estimate for capacity loss is higher than the
NAA measure of the capacity loss for AgA aged for 4 weeks. Such a comparison is
imperfect given the discrepancies between NAA and weight estimates. Future work
could reexamine iodine loading on aged Ag0Z to include neutron activation analysis, but
other tests (such as a transition to dynamic aging) could be more beneficial.

Water Loading, No Iodine
One possibility for the observed differences between the weight estimate of iodine
loading and the weight estimate for water loading could be the adsorption of water onto
the alumina material. Two tests were conducted to determine if water was loading onto
the alumina in significant quantities. The first was to see if water adsorption on AgA was
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visible if the inlet air stream was dry (<-60°C dew point). The second was to determine if
a humid stream (0°C dew point) would load any water on AgA. Both can be determined
from a single run, where sorbent is placed into the oven, dried, loaded with water, then
purged. Figure 23 shows the drying portion of the run, where no weight gain is noted.
The initial large drop in weight is most likely due to temperature equilibration (since the
oven temperature drops rapidly when the sorbent is placed in the basket).
Given that the “dry” streams being considered do still contain some water
(between 5–10 ppm), there is no significant loading of water on AgA under these dry
conditions, as seen in Fig. 23. This suggests that there is no significant loading of water
onto AgA in the dry, high-temperature runs. Figure 24 shows the effect of water loading
at high temperature. A humid stream with dew point of 0°C was flowed over the AgA
while the temperature was maintained at 150°C. There is very minimal, if any, water
gained during the loading period. Even under humid conditions, AgA does not adsorb
much water.

Error Analysis
Error estimation of results for these tests is difficult to quantify. The NAA results are
returned with an analytical uncertainty which is typically very small. The average
analytical error for the results in this report is 0.6%. However, the experimental
uncertainty is larger than this value. Other work (Jubin et al. 2017) has attempted to
estimate the experimental error for the VOG systems. In that work, three separate thin
beds were segmented, loaded with iodine, and analyzed by NAA. In all three, a very low
concentration iodine stream (102 ppb order of magnitude) was fed to a thin bed of ~2 g
of AgZ. The beds were divided into quadrants, and each quadrant was sent for iodine
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quantification by NAA. Because the quadrants experienced the same feed conditions
during each test, the theoretical amount of iodine fed to each quadrant would be the
same. When the standard deviation across the four quadrants was divided by the mean
of the iodine loading across the four quadrants, the percent deviation was calculated to
be 8.0%, 6.4%, and 16%. Averaging these together gives an error estimate of 10% for
the NAA results. This error estimate was applied to the previous NAA results and is
presented in Fig. 25, with error bars on both ends of the NAA measurement
representing 10% of the observed value.
The addition of error bars is helpful for placing the differences between observed
iodine loadings in context. Temperature variation appears to cause a significant change
in iodine concentration even with error bars, but variations in concentration are not
resolved. There is still discrepancy between the observed iodine loading by NAA and
weight methods, though a more rigorous analysis of the variance of the weight
estimation method might allow the addition of error bars on those measurements as
well. The largest variation between the weight estimate and iodine loading occurs on the
4-week aged material. This could be a result of experimental anomaly for that test. It
could also suggest that the aging mechanism alters the underlying structure in such a
way that either prohibits uniform loading (so the NAA measurement is subject to greater
sub-sample variation) or causes the material to lose mass during loading that masks the
iodine loading, but there is not enough evidence to make a claim either way in these
data.
There are a couple of key considerations that must be accounted for with this
method of variance estimation. First, is applying data from the VOG system to the
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system tested here relevant? The VOG experiment was performed at much lower
concentrations (typically by a factor of ~100 depending on the specific experiment), for
much longer periods of time (on the order of weeks), and on a different sorbent (AgZ vs.
AgA). However, for final saturation loading, the determinations are similar, as a thin bed
of material is sub-sampled and measured for total iodine content irrespective of
chemical form (AgI vs. AgIO3). Similar amounts of material are sent, and the neutron
activation analysis is not dependent on the solid matrix that holds the iodine. Thus such
analysis can at least serve as a baseline. Second, what are the possible causes of
variation? These are likely to be that the thin bed is sub-sampled (e.g. a 0.2 g portion is
taken from a 2 g sample) or that individual beads of the AgA could vary in silver content
and thus final iodine content.
There are two further considerations for the error estimation for the NAA results.
The first is that the irradiation time was not precisely measured for these samples.
Samples analyzed later at HFIR with direct time measurements resulted in average
irradiation times on the order of 9.5 ± 0.36 s (variances between 2%–4% of irradiation
time). The second is that the 10% value was the result of exposure of a thin bed to very
low concentrations of order for long periods of time. There are several reasons iodine
distribution across the pellets could be more variable than in a thin bed, TGA-type test.
Since the iodine concentration is low, it is less likely that the material in a VOG system
would saturate. Therefore, differences in fluid properties of the feed gas stream could
preferentially load certain pellets faster than others. It is also possible that in a VOG
system the feed gas composition is more variable across the bed, so pellets could
shield each other from the iodine in the feed stream. In the tests covered here, the
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sorbent bed is loaded with iodine until no further iodine loading is observed based on
weight measurement. Thus, the distribution of iodine within the sorbent bed is likely to
be more homogeneous, resulting in a lower likelihood of individual iodine distribution
among the sorbent to affect the NAA results.
The quantification of error in the weight estimates is more difficult to estimate. It
could be possible to expose a sorbent to a feed stream and repeat the test multiple
times. The difference in final loading in these replicates could allow an estimation of the
overall error. These tests were not performed as part of this work, but prior operating
experience suggests that the weight estimates are not likely to vary much more than the
10% NAA error used.
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7.

CONCLUSIONS

The capture of iodine from the off-gas stream in a reprocessing system is critical to
meet United States regulatory requirements for reprocessing plant emissions.
Candidate iodine capture sorbents must be tested under the prototypical conditions of
the off-gas streams they will be used to mitigate. This work investigated the
performance of AgA as a potential iodine sorbent and compared AgA to AgZ for use in
an advanced tritium pretreatment stream, which is expected to contain high
concentrations of NO2.
Literature was examined to determine the expected results of these experiments
where prior information was available. Hattori et al. (1984) compared the iodine capture
performance of various sorbents, including AgZ and AgA, in the presence of 1 vol%
water and NO2 and found that the presence of NO2 in the iodine stream reduced iodine
adsorption capacity of AgZ by ~13% but did not affect the adsorption capacity of iodine
on AgA. However, there are reprocessing conditions that could result in much higher
NO2 concentrations. Fukasawa et al. (1994) claimed that the presence of >70% NO2
lowered the iodine DF of AgA. Prior research at ORNL (Jubin et al. 2013b)
demonstrated that exposure of AgZ to high concentration NO2 atmospheres for a
variable period of time before iodine exposure reduced iodine capture performance by
more than 90%.
Given that the Japanese literature reported that the iodine adsorption
performance of AgA was not hindered in a flowing gas stream containing low-levels of
NO2, and that studies at ORNL reported that the presence of NO2 was detrimental to
the iodine capture performance of AgZ, it was theorized that AgA might exhibit some
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robustness to NO2 with respect to iodine capture. The primary objective was to compare
the effect of high concentration NO2 exposure of AgA to the performance of AgZ under
these conditions demonstrated in Jubin et al. (2013b).
The results from the baseline iodine loading tests suggested an iodine loading
value of 9.84 wt% iodine on AgA that contained a maximum of 12.7 wt% silver (as
determined by the amount of AgNO3 used to make the material) for material at the
reference condition of 150°C, 50 ppmv iodine, -60°C dew point. The “base case” is in
reference to the standard operating conditions used for AgZ; optimization studies
performed by Japanese researches also suggested elevated temperatures near 150°C
for AgA. The base iodine loading value for AgZ containing 7.9% silver by weight can
range from 7%–9%. These numbers suggest a higher silver utilization value for AgZ as
compared to AgA. However, as expected AgA is less affected by aging of the sorbent in
high concentrations of NO2, losing ~76% (50% by NAA) capacity by weight at 4 weeks
of aging compared to ~90% capacity loss for AgZ under the same aging conditions. The
presence of humidity appeared to increase the amount of iodine loading on AgA from
the 9.84 wt% to 11.2%–12.6 wt%. The effect of iodine concentration variation appeared
to be modest, as loading was observed to increase as a function of concentration when
analyzed by NAA. Temperature did appear to have an effect, where the higher
temperature test adsorbed the most iodine per NAA. Work still needs to be done to
determine the reason for the apparent high weight-gain at 30°C that is not supported by
NAA.
This research demonstrated and quantified the effect of NO2 aging and water
exposure on iodine sorption on AgA. AgA was found to be a more robust sorbent than
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AgZ when exposed to high concentrations of NO2 prior to iodine loading. Therefore,
AgA could be a promising iodine capture sorbent in situations where high
concentrations of NO2 are expected within the reprocessing off-gas system. However,
to verify these conclusions future work will need to examine the performance of AgA in
a more representative off-gas stream.
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8.

FUTURE WORK

There is a need for further work in the area of sorption of iodine for the purpose of
reprocessing viability. Some of this work will be discussed in this section, as well as
ongoing work within the scope of this project.

Iodine Speciation
This work tested iodine adsorption by using a crystalline iodine generator that vaporizes
iodine crystals to the form of I2 vapor. Although this is capable of providing a general
baseline level of performance for various systems, the use of pure I2 does not give an
accurate representation of the speciation of iodine that would be observed in a
reprocessing plant.
Notably, there are several forms of iodine that are not captured as easily as the
elemental vapor. These are referred to as “penetrating” forms of iodine, and can include
iodine in the form of iodated alkanes (of the form CH 3-(CH2)n-I), hydrogen iodide (HI),
and hypoiodous acid (HOI). These forms of iodine are more likely to escape through
iodine capture beds than I2. Determination of the suite of iodine species that are
released in various operations (including the ATPTOG, TPTOG, DOG, and VOG) and
their effects on iodine capture by the sorbents in question (AgZ and AgA) is still an area
of research that is not entirely understood.
The question of speciation might be more pertinent to off-gas streams other than
the TPTOG and ATPTOG, as iodine liberated from the fuel via those processes is more
likely to be elemental. However, questions about the precise nature and amount of
iodine released by ATPT are still unresolved.
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Iodine Loading Form
The main analytical method used to determine iodine loading on materials for these
experiments is neutron activation analysis. Although NAA is capable of high degrees of
accuracy for iodine loading, it is not capable of illuminating the mechanism of iodine
binding to the sorbent material. Information about how exactly iodine is bound within a
sorbent matrix would be useful for the determination of future waste form research.
Literature suggests that iodine loads onto AgA as both AgI and AgIO3; however, there
could still be information to glean about the relative ratio (reported as 1:2 in Mizuno et
al. 1986) and validation of prior results. The latter could be of interest because the
literature seems to disagree on the reaction scheme for iodine adsorption onto AgA;
Haefner and Tranter (2007) wrote a literature review citing Wilhelm (1977) – which I am
unable to find independently – claiming that the reactions scheme was given by
equations 15–17.
𝐴𝑔𝑁𝑂3 + 𝐼2 → 𝐴𝑔𝐼 + 𝐼𝑁𝑂3

(15)

1
2𝐼𝑁𝑂3 + 𝐴𝑔𝑁𝑂3 → 𝐴𝑔𝐼𝑂3 + 3𝑁𝑂2 + 𝐼2
2

(16)

1
1
𝐼𝑁𝑂3 ⇌ 𝑁𝑂2 + 𝑂2 + 𝐼2
2
2

(17)

These equations are not the same as given in Mizuno et al. (1986), repeated in
equation 18.
6𝐴𝑔𝑁𝑂3 + 3𝐼2 → 2𝐴𝑔𝐼 + 4𝐴𝑔𝐼𝑂3 + 6𝑁𝑂

(18)

Clarity on the specific pathway of the reaction could lend some insight into the
nature of the sorbent material.
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Determination of Experimental Error
Because of the issues associated with the experimental error of the methods in this
report it would be worth designing experiments to appropriately quantify these errors. A
relatively straightforward method of determining the error associated with weightmeasurements, for instance, would be to run multiple runs of the same material under
the same loading conditions and determining a standard deviation, but instrument
availability limited this approach during testing.
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Table 1. DFs for various radionuclides (Jubin et al. 2012).
Most restrictive
dose limit
Burnup
(GWd/tIHM)

Required DF to meet dose limit

2.5 mrem whole
body/7.5 mrem
thyroid

3Ha

14C

20

Whole body

225–1

30

thyroid

250–1

60

thyroid

600–1

Max age of fuel requiring
control (y)

85Kr

129I

3H

14C

85Kr

129I

1

17.9–1

1660

~85

NR

~45

All

3

7.83–1b

1850

~85

All

~35

All

10

12.32–1

3800

~90

All

~40

All

aThese

ranges depend on the fuel cooling time (i.e., 3.85 -- 1 is the range from 3.85 to 1).
DF for 85Kr decreased here compared to the 20 GWd/tIHM case because of the addition of
control and higher controls for the other radionuclides.
bThe

14C
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Table 2. Prior aging studies on Ag0Z, (Jubin et al. 2013b) [modified to include later
results].
Conditions

Time

Capacity Loss (%)

Dynamic, dry air; 150°C

6 months

40

Dynamic, humid air; 150°C

4 months

60

Static 2% NO2; 150°C

2 months

30

Static high NO2; 150°C

1 week

97

Static high NO2; 150°C

4 weeks

92
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Table 3. Proposed aging test matrix for AgA.
Material
Properties
No aging
No aging
No aging
1-week NO2
2-week NO2
4-week NO2
No aging
No aging
No aging

Test Matrix
Iodine Conc
Temperature (°C)
(ppmv)
150
50
90
50
30
50
150
50
150
50
150
50
150
25
150
75
150
50

Dew Point (°C)
–60
–60
–60
–60
–60
–60
–60
–60
0
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Table 4. Iodine loading results.
Conditions
Run
no.
1
2
3
4
5
6
7
8
9

Aging
Properties
No aging
No aging
No aging
1-week NO2
2-week NO2
4-week NO2
No aging
No aging
No aging

Temperature
(°C)
150
90
30
150
150
150
150
150
150

Iodine
Conc.
(ppmv)
50
50
50
50
50
50
25
75
50

Dew
Point
(°C)
-60
-60
-60
-60
-60
-60
-60
-60
0

Iodine capacity
Weight
Estimate
NAA
(wt%)
(wt%)
10.1
9.84
7.8
7.35
12.8
7.77
8.5
7.94
6.4
6.92
2.4
4.82
10.1
8.62
9.7
10.91
12.6
11.22
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Appendix B: Figures
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Figure 1. Reprocessing head-end block diagram (Jubin et al. 2014)
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Figure 2. Reprocessing off-gas block diagram (Jubin et al. 2013).
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Figure 3. Dose exposure to maximally exposed individual (MEI) at various times after removal of fuel; based on
30 GW/tIHM PWR UOX fuel, 1,000 tonne/y (Jubin et al. 2012).
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Figure 4. Relative amounts of iodine present in various off-gas streams (Jubin et al. 2013).
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Figure 5. Unaged and iodine-free AgA (left), 1 week, high-NO2 aged, iodine-free AgA (middle), and 1 week-highNO2 aged, iodine-loaded AgA (right).
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Figure 6. Sample Holder for NO2 aging.
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Figure 7. TGA system including sorbent bed, chimney, and balance.
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Figure 8. Close-up of mesh basket, sorbent, and glass chimney.
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Figure 9. Drying system to remove humidity.
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Figure 10. Gas manifold and TGA.
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Figure 11. Diagram of the TGA system.
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Figure 12. Sample iodine loading plot for AgA.
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Figure 13. Iodine loading comparison for 25, 50, and 75 ppm iodine concentration.
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Figure 14. Effect of variation in iodine concentration.
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Figure 15. Plots of dry and humid air iodine loading tests.
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Figure 16. Comparison of weight and NAA analysis for humidity series.
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Figure 17. Loading curve comparison for unaged AgA at 30°C, 90°C, and 150°C.
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Figure 18. Iodine loading as a function of operating temperature.
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Figure 19. Iodine loading of unaged AgA, with temperature plotted.
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Figure 20. Comparison of NO2 aging time effect on iodine loading.
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Figure 21. Comparison of iodine loading under NO2 aging conditions by weight vs. NAA.
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Figure 22. Comparison of loss of capacity for Ag0Z and AgA.
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Figure 23. Dry air stream on AgA.
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Figure 24. AgA weight as a function of time under humid air conditions.
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Figure 25. Iodine loading with estimated error bars
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