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Designing sorbents for iodine capture in different conditions requires selection and optimization of a
large and diverse range of variables. These variables fall into general categories (or features) of sorbent
activity, sorbent stability, and the fate of the loaded material in terms of the disposal (waste form)
options available. To illustrate, silver-loaded, high-porosity sorbents make for maximized iodine capture
and less pressure drop in a column-based sorption system approach, however, this high porosity can
lead to less mechanically stable sorbents. Additionally, waste forms containing silver must also be
compliant with additional criteria for hazardous waste disposal. Thus, all these aspects must be
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considered simultaneously when selecting a sorbent for utilization under specific conditions. Information
is given for different types of sorbent design considerations for different operating conditions and some
DOI: 10.1039/d4ma00266k emphasis is also given on promising alternatives for silver as the active (chemisorption-based) getter

metal. Discussion is given around demonstrated options for waste forms for different metal-iodide
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1. Introduction

The effective capture and immobilization of radioiodine from
nuclear processes is a very important topic from an environ-
mental preservation perspective and in regard to the protection
of human health from deleterious effects of radioiodine uptake
by the thyroid."> Over the past several decades, a wealth of
literature has been produced from theoretical and experimental
studies to identify and evaluate capture and treatment pro-
cesses for managing radioiodine, understand the optimal para-
meters for capture systems, and find long-term storage
solutions for these radioisotopes. Of most interest are the
radioisotopes of short-lived **'I with a halflife (¢,,) of 8.02 days
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and long-lived "I with a ¢/, of 1.57 x 10” y, which both decay
through B~ emission to Xe isotopes (ie., "*’I — *’Xe + B~ and
Blp - BIXe + B, respectively). It is likely that different iodine
management solutions would be needed to capture *'1 vs. '*°I due
to radiation tolerance and decay heat issues associated with *'L.
Due to the short ¢,,, of **'1, it is most relevant in nuclear accident
scenarios or in applications where it is directly released from
nuclear fission and requires a short-term solution, e.g., within the
headspace of a molten salt reactor (MSR).

Among the options for radioiodine capture, the majority can
be classified as either liquid scrubbing approaches or solid
sorbent approaches. The most commonly discussed liquid
scrubbing options are aqueous caustic scrubber solutions®™®
whereby iodine entering the solution is converted into an ionic
form. Other liquid scrubbing options include Iodox,>'°
Mercurex,”'"'* and electrolytic scrubbing,"*** which are dis-
cussed in previous reviews.*®'® For solid sorbents, the pri-
mary materials studied include metal-functionalized or metal-
containing porous substrates (e.g., zeolites, silicic acid, alu-
mina, aerogels, xerogels, metal organic frameworks or
MOFs),"*'™*° but materials such as activated carbon have also
been examined.*'™** The primary difference between the metal-
functionalization and metal-containing (or metal-loaded)
descriptors is that metal functionalization is where the metals
are loaded onto the surfaces of a scaffold or into pores/
channels of a porous material (e.g., Ag" added to thiol tethers
on the surfaces and then reduced to Ag° as is done with Ag-
functionalized silica aerogel),>® whereas an example of metal
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containing would be the metal node of a MOF. The functiona-
lization process can include tethers between the scaffold
and the getter, which is described below in more detail (see
Section 7, Sorbent functionalization). It should also be noted
that “metal” does not necessarily mean the element is at zero-
valent charge and could also refer to ionic forms. Covalent
organic frameworks (COFs),***® MOFs,*****” and porous
organic polymers (POPs)**° will not be discussed here in
detail as they have been discussed elsewhere, but are men-
tioned to provide a broader list of options for readers.

The capture processes by which solid sorbents can immo-
bilize a species or series of species can be thought of in terms of
size exclusion mechanisms (molecular sieving), weak physical
interaction mechanisms (physisorption), stronger chemical
bonding capture mechanisms (chemisorption), or mixtures of
these. The size exclusion mechanism is often referred to as a
molecular sieving approach whereby species with sizes too
large to fit through pores in a sorbent are not allowed through
due to size restrictions; species that are small enough can enter
into the sorbent where they can remain stationary. The weak
physical mechanism is referred to as physisorption whereby
interactions like van der Waals forces can hold an adsorbate to
the surfaces of a sorbent. Species that are physisorbed can often
desorb with small changes to the loaded sorbent like minimal
heating.®® The chemical bonding capture mechanism is referred
to as chemisorption, which is notably stronger than physisorption,
whereby chemical bonds are made between the adsorbate and the
sorbent.

For metal-containing and metal-functionalized sorbents,
iodine is often captured by a chemisorption process by which
the metal reacts with the iodine species to form a stable metal-
iodide compound (MI,). The most commonly studied metal for
the chemisorption-type solid sorbent for iodine capture is silver
(e.g., Ag", Ag®), but other metals have been demonstrated and
show promise, such as Cu®*® and Bi.>*®" Silver-based materials
have also been the most widely implemented chemisorption-type
solid sorbent options in various nuclear facilities across the world
including in the U.S., France, Russia, United Kingdom, Italy, and
Germany.*

For activated carbon, iodine capture often occurs primarily
through physisorption®®® with chemisorption achieved through
impregnation or functionalization with organic species that
enable binding with iodine within a specific form.** As discussed
later in the article, the different physical and chemical properties
of the various forms of iodine present within nuclear-related
processes dictate the sorption mechanism. Since the sorbent
could be operated under a variety of conditions (including tem-
perature, incoming gas flowrates, sorbate speciation and concen-
trations) or stored for an extended time period before processing,
some of these conditions can result in release of physisorbed
iodine before or during transformation into a waste form suitable
for disposal. This is why chemisorption-type sorbents are gener-
ally preferred over physisorption-type sorbents.

Literature reviews of radioiodine capture technologies have
been given in recent works.'>*>°>%°%% Materials capturing
iodine in different forms through physisorption or a mixture
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of chemisorption and physisorption have also been studied and
reviewed elsewhere.”®’® Instead of these approaches, while
related, this review intends to fill the need to discuss the
various categories that must be considered when designing a
solid sorbent for radioiodine capture in realistic conditions
and is a more detailed extension to other recent reviews.”"”>
Additional unique aspects of this review are the discussion
regarding realistic processing environments and updated waste
form options based on more recent published works.

At a minimum, iodine solid sorbents should be designed
considering the following categories (or features), which are
summarized in Fig. 1 and below in the following sections as
follows: (a) target analyte in the off-gas environment (see
Section 2; Fig. 1a), (b) sorbent requirements (see Section 3;
Fig. 1b), (c) getter selection (see Section 4; Fig. 1c), (d) scaffold
selection (see Section 5; Fig. 1d), (e) getter addition (see Section
6; Fig. 1e), (f) sorbent functionalization (see Section 7; Fig. 1f),
(g) sorbent loading (see Section 8; Fig. 1g), and (h) waste form
options for loaded materials (see Section 9; Fig. 1h). Within
these general categories, several subcategories exist for pre-
ferred criteria/features that should also be considered. While
the following sections each focus on one of the general cate-
gories listed above, due to the interrelationships of these
categories, several sections overlap with other sections and
the reader will be referred to other sections at times for
additional information.

2. Target analyte in the
off-gas environment

As mentioned in Fig. 1a, several different aspects need to be
considered when attempting to capture a target analyte from a
stream of interest. Considering iodine capture specifically, aspects
to evaluate include the form of iodine (e.g., inorganic, organic),
whether oxidizing conditions are present, the temperature of the
stream, and the acidic vapor content of the stream.

2.1. Forms of iodine and selectivity

Considering the target analyte, changes to the sorbent could be
required if the iodine form is inorganic (e.g., I, ICl) versus
organic [e.g., CH;l, CH;(CH,),I where x = 1-11],”* as capture
performances might not necessarily be consistent between
these different scenarios. The getter metal selection (discussed
in Section 4, Getter selection) is a critical step in sorbent design
because different metals will behave differently in changing
conditions. The kinetics of reactions between different metals
and various forms of iodine are dissimilar, as well as the iodine
loading capacities, which are closely related to the metal
oxidation state in the metal-iodide compound (MIL,). Also,
loading capacities for chemisorbing sorbents are not directly
tied to the original speciation because that speciation is chan-
ged by chemisorption processes.

To assess competitive gas adsorption on surfaces, calcula-
tions with the ideal adsorbed solution theory (IAST) can be used
with single-component isotherms as well as Henry’s Law where

© 2024 The Author(s). Published by the Royal Society of Chemistry
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physisorption only,
Ag®, Ag*, Bi°, Bi**,
Cu aut, snY

Sn2+’ Sn4+l

others?

zeolite,

porous SiO,,
porous Al,0,,
aerogel, xerogel,
porous polymer,
MOF, COF,

POP, AC

Fig. 1 Description of solid sorbent design categories to consider including (a) target analyte in the off-gas environment (Section 2), (b) sorbent
requirements (Section 3), (c) getter selection (Section 4), (d) scaffold selection (Section 5), (e) getter addition (Section 6), (f) sorbent functionalization
(Section 7), (g) sorbent loading (Section 8), and (h) waste form options for loaded materials (Section 9). More details are provided below for these different

categories.

the concentration of the dissolved gas (C) is equal to the
product of the Henry’s Law constant (ky) and the partial
pressure (P) of the gas. The selectivity of a sorbent towards
the target analyte (a) over a competing species (b) is defined in
eqn (2) as S,p, where x, and y, denote the mole fractions of
species a and b, respectively, in the adsorbed phase, and x;, and
yp are the mole fractions of species @ and b in the bulk
phase, respectively. This property and associated requirements
will influence the preprocessing steps required to purify the
stream, separate chemical species that might interfere, and deter-
mine the target element concentration compared to undesired
elements.

C = kP (1)
Sus = (Y, ) / (¥, ) 2)

2.2. Highly oxidizing conditions

Some off-gas systems will create highly oxidizing environ-
ments and these conditions can accelerate aging of a sorbent

© 2024 The Author(s). Published by the Royal Society of Chemistry

(e.g., convert Ag° to AgNO;). Sorbent performance (i.e., “shelf
life”’) under oxidizing conditions is often assessed in aging
studies.”””* Examples of oxidizing species include Oy, NO(),
and NO,(,). Another example is advanced voloxidation used in
nuclear fuel recycling, where upwards of 40% NO,, (in air) could
be present along with the volatile and semi-volatile fission
products.” These fission products will include iodine isotopes
in the form of L), *Hy (tritium) associated with NO,, **C
in the form of oxides, and various isotopes of Xe and Kr
(noble gases).”

The main goals of voloxidation are two-fold.”>”” First, it can
be used to volatilize trititum and "*°I from the used fuel with
high enough efficiency so that these can be captured in the
voloxidation gas stream to meet regulatory requirements and
eliminate the need to manage or capture the remaining tritium
and iodine that contaminate downstream dissolution and
separation processes and waste streams. While this is likely
possible with tritium, it remains unproven for iodine. Second,
it can make the used fuel easier to dissolve by chemically
separating it from cladding, oxidizing or nitrating the fuel,

Mater. Adv., 2024, 5, 9515-9547 | 9517
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and chemically pulverizing the fuel. In particular, the capture of
iodine and *H,, released during voloxidation and subsequent
capture on functionalized zeolites has been studied for mitiga-
tion of gas release during fuel recycling.”® The capture of iodine
on Ag-based sorbents is complicated by the reaction of Ag®/Ag*
with the NO, recirculating through the voloxidation reactor.”®

These discussion points and experiment results emphasize
that the stability of the sorbents will need to be tested under
conditions of each specific process to which they are being
applied. Alternatively, preprocessing strategies could allow the
sorbents to maintain their performance. Examples of this
include capturing NO, from the off-gas upstream of the Ag-
functionalized sorbent bed or destroying it using selective
catalytic reduction with NH; and a catalyst.®* Two additional
examples that can degrade sorbent performance due to how
they oxidize metal getters in sorbents include H,O and HNO;
(described in Section 2.4 below).

2.3. High-temperature conditions

Some off-gas applications will require that sorbents be func-
tional at high to very high temperatures such as in the case
of voloxidation (T ~ 450-600 °C)”> and MSRs off-gas streams
(T > 400 °C).%* Although MSRs operate at T > 600 °C, the off-
gas will be cooler, especially if decay heat is removed by a 2-day
hold up at the front end of the off-gas system.®"** The off-gas
byproducts of MSRs constitute the pressure boundary of the
reactor and thus will be exposed to volatile fission products as
well as aerosols of salt materials; additional information on
MSR-specific off-gas capture requirements and concepts are
provided elsewhere.®*®® This complex mixture will require
several stages of filtration to confine the fission products until
they can be safely contained for disposal or reuse; an example
of the latter is **Kr.** The primary Xe radioisotopes (i.e., ***Xe,
133mye 135%e, 1¥5™Xe, ¥'Xe, *°Xe) are sufficiently short lived
(days to seconds),®” so that after ~ 3 months, they could be
released into the environment.

Due to the '°I present, within the U.S., iodine must be
trapped in the off-gas system prior to release to the environ-
ment.*> Standard filtration can be used, such as trapping on
NaF sorbents. Novel approaches, such as a molten hydroxide
scrubber®® (see example in Fig. S1, ESIZ)**®” have been
proposed that may alleviate the potential for clogging of a solid
sorbent bed by removing particulates, mists, and aerosols
upstream of the solid sorbents; this requirement poses a draw-
back for solid sorbents. A device such as a molten hydroxide
scrubber would allow for the capture of iodine, along with other
acidic gases that will evolve from the chloride-based or fluoride-
based MSR. Entrained aerosols and the gases would flow
through the scrubber within the cover case in the opposite
direction to the liquid hydroxide eutectic. The wetted interior
surface area is increased by a highly porous packed bed,
facilitating uptake of gases and trapping of particles. A proto-
type of the molten hydroxide scrubber has been tested and an
additional test of a small-scale device with recirculating NaOH-
KOH is planned with a photograph of the prototype scrubber
shown in Fig. 2. The chemistry of the iodine in the scrubber has

9518 | Mater. Adv, 2024, 5, 9515-9547
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Fig. 2 Molten hydroxide (NaOH-KOH eutectic) showing interior before
insulation. The external salt storage tank is shown on the left. This figure
was modified from the original by McFarlane et al.®® and reprinted with
permission.

been studied by Raman and Fourier transform infrared spectro-
scopies and shows that the iodine would be captured as an 103~
species.®® The development of this device is in an early stage
and fundamental questions remain. For instance, the potential
effect of radiolysis on iodine speciation has not been tested,
and thus, this device would need to be coupled downstream
with a trap that could remove residual halides (i.e., using a solid
sorbent bed) along with any H,O or products of radiolysis
evolved from the scrubber. Other considerations include the
residual carbonate and residual H,O in the molten salt eutectic
and their interaction with I, and other acidic gases.®®

2.4. Acidic conditions

Many nuclear process off-gas streams can contain acids of
different types. Highly acidic vapors in off-gas environments
can degrade (chemically attack) a sorbent as well, which can
result in scaffold degradation and/or loss of sorbent perfor-
mance.'®°® Acids include HNO; that evolves from fuel dissolu-
tion during reprocessing as well as HF, HCI, and HI. Although a
lower concentration of HNO; is expected to have a lesser impact
on Ag-functionalized materials than in NO, voloxidation, it still
has been highlighted as a potential concern.”>”® Small
amounts of *HCI and *HF can be liberated from MSRs into
the off-gas stream during operation. In the case of MSRs, iodine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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will most likely react with the most abundant halide in the salt
mixture, producing ICI°* or IF, (x = 5, 7)°? in the off-gas rather
than I,). Cations, such as Cs, will remain in the salt.”

Note that acidic gases can also be generated during salt
purification for molten salt reactors, which, in the case of
chloride-based salts, often uses carbochlorination to remove
water.’* The hydrogen from the stripped H,O molecules reacts
with CI” to generate volatile HCl,. For fluoride salt purifica-
tion, HF in excess is passed through the system, again reacting
with residual OH™ and H,0.% In the laboratory, these gases are
removed by bubbling them through NaOH(,q traps; however,
the processing of salt for the reactor prior to irradiation will not
generate iodine.

Many of the passive substrates utilized in the current gen-
erations of advanced off-gas sorbents for halide capture are silica
based, which would be readily attacked by HF vapors, specifically.
However, CaCO; or Na,CO; are possible halide traps, as is soda
lime. The I, ICly), and IFg (x = 5 or 7) species should also be
sorbed along with the residual acidic gases.”® Innovative ways of
removing halides include counterflowing liquid systems or a
metal filter/trap such as Cu for scrubbing Cl,g (as CuCl,) and
I (as Cul).” Sorbents, such as a formaldehyde polymerizer,
have been used to absorb HF residue in shielded facilities.”®
However, these sorbents are unlikely to be robust towards radio-
lysis and the solid cake that forms may plug an off-gas filter; thus,
these may be inappropriate for such an off-gas system.

In early work looking at silver zeolites, researchers noted
that many were not acid resistant. One material in particular

Table 1 Summary of capture media criteria and metrics.”%1%*
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that worked well for high-acid streams was Norton Zeolon,"®
which was a large-port mordenite (LPM), defined by the effec-
tive aperture (0.8 nm),* loaded with Ag (AgZ). When Norton
Company went out of business, IONEX Corporation purchased
the LPM inventory, but now that this stock has been depleted
and other natural feedstocks for these materials have been
difficult to locate (as of 2024)."°° Thus, it is likely that current
acid-resistant mordenites will require replacement with a new
material (e.g., a new zeolite), unless additional natural stores
are located.'®® This shortage of the commercial AgZ supply was
one of the drivers for this paper: to help identify the necessary
boxes to check when designing a new iodine sorbent from
scratch.

3. General sorbent requirements

As mentioned in Fig. 1b, several requirements must be met for
implementing these different capture technologies and Table 1
provides a summary of these criteria. The criteria fall into wide
ranges of subcategories, including stability (i.e., radiation,
mechanical/robustness, thermal, chemical), performance
(e.g., capacity, reactivity, regeneration ability, pressure drop),
physical properties (e.g., specific surface area or SSA, specific
heat capacity, thermal conductivity, bulk density), and ease of
implementation (e.g., process complexity, energy consumption,
environmental safety and health concerns associated with the
sorbent, and commercial availability). Additional criteria not

Category Property” Abbrev. Property unit Desired trend
Stability Radiation stability Srad %Draq (in mass%) High (low %D;.4q)
Mechanical stability/robustness Smech %Dpmeen < 50 pg m 3 High (low %Dpecn)
Thermal stability Stherm %Diherm High (low %Dmerm)
Chemical stability SChem %Dchem High (low %D¢hem)
Performance Saturation capacity SC molm > gg ™" ormgg™ High
Selectivity for target analyte(s) Sab mole frac., mass frac. High
DF for sorbent-analyte system DF [Z.)/[I] (unitless) High
Reactivity (compatibility) R — Depends
Regeneration ability — Nreg High
Co-adsorbed species (potential) — mol kg™! Low
Flexibility and pretreatment — - High
Pressure drop across bed Py Pam ' Low
Bed volume Vbed m? Low
Physical properties Specific surface area SSA m’ g’ Medium-High
Specific heat capacity c Jkg "K' Depends®
Thermal conductivity k Wm 'K’ High
Bulk density Pb kg m? High
Ease of implementation Process complexity — - Low
Energy consumption — kW mol " Low
Environmental safety and health — b Low
TRL of sorbent system TRL — Medium to High
Commercial availability — — High
Time to commercialization te years Low
Cost of sorbent material — $kg, $m? Low
Operating cost — $Cit Low

“ TRL denotes technology readiness level; DF denotes decontamination factor; reactivity denotes the sorbent reacting with the analyte but also with
other contaminants in the stream. ® This pertains to regulations for storage, handling, disposal, and implementation of material based on
Environmental protection Agency (EPA) [e.g., Resource Conservation and Recovery Act or RCRA102 elements including Ag, As, Ba, Cd, Cr, Hg, Pb,
and Se] and National Fire Protection Association (NFPA) ratings. “ In most conditions, low specific heat capacity would be preferred as materials
with high specific heat capacity could result in overheating of (or prevent heat removal from) the sorbent bed.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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included in Fig. 1 but discussed in previous reviews’>'°!

listed Table 1 and described briefly within this section.

are

3.1. Sorbent stability

The stability of the sorbent system is essential to consider from
several vantage points including radiation stability (Siaq),
mechanical stability (Smecn; robustness and resistance to parti-
cle attrition), thermal stability (Siherm), and chemical stability
(Schem), all of which can be quantified as the percentage of
degradation (%D;) of the ““i”-th property over increased sorbent
exposure time, ie., %Diaq, %Dmechy %Dtherm, and %Dchem,
respectively. Increased radiation exposure is expected as a
sorbent bed is implemented for longer and longer times in a
facility, and degradation could introduce unwanted changes
into the sorbent compromising performance.

The mechanical stability can be quantified as the amounts
of fines generated in the sorbent bed system, ie., <420 pm
with losses to the off-gas stream of <50 ug m >.”> Mechanical
attrition of the sorbent bed can be caused by several things
including high volumes of gas entering the sorbent bed (caus-
ing high or variable P,), vibrations within the sorbent bed,
volumetric (density) changes between the unloaded and loaded
sorbent, and unexpected fines entering into the sorbents. One
of the biggest trade-offs regarding sorbent mechanical integrity
is increased particle attrition with increased SSA where more
porous sorbents can be less mechanically robust. The chemical
stability can vary significantly for a given sorbent in different
conditions (e.g, oxidizing streams, acidic streams) where perfor-
mance drops can be observed after sorbent aging.>®>>71027104
Several of these concepts were discussed previously in Section 2
(Target analyte in the off-gas environment).

Thermal stability of the sorbent bed system can be an issue
if the ML, compound formed after iodine loading has a low
boiling temperature (7},) near to that of the off-gas capture
process (i.e., Snl,) or if the MI, compound is reactive with other
materials present in the system. Also, the thermal stability of
the base sorbent material, disregarding the active gettering
species (e.g., Ag*, Ag°), has to be considered within this category
as some scaffolds (e.g., aerogels, xerogels) might collapse at
T > 200 °C, where MSR off gas scrubbing systems could be in
operation.

One of the most important aspects of chemical stability has
to do with the performance of the sorbent in streams contami-
nated with species that are well known to degrade sorbent
performance such as highly oxidizing gases (e.g., NO,) and
acidic species (e.g., HNO;, HCI); these concepts were discussed
in previous sections (see Section 2, Target analyte in the off-gas
environment). Another term to consider within the context of
the Schem parameter is the reactivity of the sorbent. However,
the difference with this parameter has to do with the measure
of the reactivity between the sorbent and the materials of
construction as well as other off-gas stream components.

3.2. Sorbent performance

Sorbent performance covers a wide range of different metrics
including capacity, selectivity, decontamination factor (DF),

9520 | Mater. Adv, 2024, 5, 9515-9547
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reactivity, flexibility, pressure drop, and bed volume. The
selectivity concept was described in Section 2.1 (Forms of
iodine and selectivity). The concept of sorbent loading is often
discussed in terms of the mass of loaded iodine (m;) per mass
of initial sorbent () (i.e., m; mg~ "), usually reported as mg g~
or g g7 this is described in more detail in Section 5.2 (Active
scaffolds). The DF concept is described in more detail below in
Section 8 (Sorbent loading).

Another important aspect to consider is the regeneration
ability of the sorbents, especially in cases where significant cost
savings could be realized. Moving iodine from an Ag-based
sorbent over to something less expensive and with higher
loading would also likely save on storage costs in a repository.
If the sorbent system could be regenerated in place without
being removed from the off-gas capture facility, that would
also be of interest. In a study by Thomas et al.,'® I, satura-
tion tests were conducted with NaX, AgX, PbX, and CdX to
evaluate the maximum iodine concentrations under static
loading conditions at 150 °C in sorbent beds with a face
velocity of 1 cm s~ . After the loading tests, the sorbent beds
were weighed and then purged with air (in the absence of
iodine) for up to 120 h at 150 °C until a constant mass was
obtained. These results show large variations in the chemi-
sorbed fraction between the different materials with the AgX
being the best performer (Table 2). It also shows that the total
iodine mass loadings were very similar for AgX, CdX, and NaX.
The PbX showed a much lower total loading with nearly all
mass gains being attributed to physisorption-type capture
processes, whereby iodine was loosely bonded and readily
released.

In the study by Thomas et al.,'® the PbX was demonstrated
as an ineffective sorbent for I,y), but it was evaluated as a
sorbent for Hl, that was removed from AgZ through a 100%
H,) purge at 500 °C and captured on PbX at an optimal
temperature of 100-150 °C.*° The reactions are shown below
in eqn (3) and (4) and provide several advantages to using AgZ
as the sole sorbent: (1) it allows for utilization of Ag-based
sorbents for the primary capture process, which perform well in
acidic environments, (2) it allows for final storage on a less
expensive (i.e., Pb vs. Ag) and higher loaded (i.e., 317-408 mg g~
on PbX vs. ~113-137 mg g " on AgZ) sorbent with good chemical
durability (see Section 9, Waste form options), and (3) it provides
an opportunity for AgZ recycle.'®'>'* These steps could mini-

Table 2 Static iodine loading results for ion-exchanged faujasite X sor-
bents at 150 °C including physisorbed mass, chemisorbed mass, and total
mass gain as well as the dry density (pg) and I, absorption efficiency on a
mass basis (m%) in 8.5% water vapor at 100 °C (AE100-c)*°

Saturated Physisorbed Chemisorbed AE 0°c
Sorbent (mgg™') (mgg ')  (mgg ) pa (g em™) (m%)
AgX 349 135 214 0.85 —

Cdx 374 329 45 0.71 99.992%
CuX — — — — 4.96%
NaX 364 334 30 0.85 80.69%
PbX 179 153 26 0.61 56.88%
ZnX — — — — 4.17%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Process flow diagram showing an AgZ + PbX from Thomas et al.*°

disposal

showing how the process has an I, load mode and a regeneration mode

where the iodine-loaded AgZ bed is heated under an Hy() purge, Hlg comes off and reacts with a PbX bed to form Pbl; [see eqn (4)] for disposal, and

recycling the regenerated AgZ bed. This drawing was modified from the original by Thomas et a

mize the overall waste requiring disposal. The utilization of an
Ag-based primary sorbent is ideal because Ag is well known to
tightly chemisorb iodine and the AgZ zeolite sorbent does well in
acidic gas conditions.'® The preliminary design of this bed is to
have parallel sets of AgZ + PbX beds where one bed set could be
regenerated while the other one was in use. In this process, which
is shown in Fig. 3, chemisorbed I (i.e., as Agl) would come off as
HI and react with the PbX to form Pbl,. Also, the kinetics of iodine
removal from AgZ was noted as being 10x faster than the iodine
capture kinetics from typical dissolver off-gas conditions. The
authors noted the improved effect of I, capture when the Ag was
reduced from the as-made material to Ag°® from 69 mg g~ to 124 +
17 mg g~ '.'° The regeneration process for Ag"Z showed good Ly
capture afterwards for the first eight cycles (117-140 mg g~ ') with
performance drops after the eighth cycle (90-100 mg g™ ).
2 Agl + Hyg) — 2 Hl) + 2 Ag°

(3)

(4)

PbO + 2 Hly — Pbl, + H,0

In a study by Maeck et al.,'® a comparison between AgX and

PbX showed significant changes in the adsorption efficiencies
of elemental iodine at a function of bed temperature. While
PbX was not effective at capturing CH;I, experimental results
showed that 97% of the I,¢) was captured with PbX at relative
humidities (RH) up to 90% when beds were at elevated tem-
peratures tested up to 60 °C (see Fig. 4). The higher the bed
temperatures, the better the PbX performed, and this was
attributed to the increase in the reaction rate rather than the
reduction in the RH within the packed bed. The proposition of
the authors was to apply their gained knowledge to implement
a multi-sorbent bed where Ag-zeolites could be used to capture
organic iodide (e.g., CH3l) and the less expensive option of Pb-
zeolite could be used for capture of the elemental iodide, as
described above.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of I adsorption efficiency as a function of tem-
perature for PbX and Ag. AFPM refers to actual feet per minute (face
velocity). This graphic was modified from the original by Maeck and
Pence'® and Staples et al.*°®

3.3. Physical properties

The SSA of the sorbent is typically reported in m* g~ using
nitrogen adsorption/desorption isotherms using the Brunauer—
Emmett-Teller method.'®” Determining the true SSA value of a
sorbent requires that the sorbent be degassed before the
measurement, and the optimal time and temperature for the
degassing process varies widely from sorbent to sorbent.

The specific heat capacity (c, in J kg™ K™ is important to
consider based on the heat of reaction during the sorbent-
loading process. The heat of reaction for iodine capture should
be negligible regardless of parameters like ¢ and & (see Table 1)
unless sorption/desorption of some other species (e.g., H,O) are
present at much higher concentrations, e.g., in the dissolver off
gas (DOG; discussed in Section 8 on Sorbent loading). Materials
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with high ¢ values do not dissipate heat quickly whereas those
with low ¢ values can. Thus, if the heat of reaction generated
during sorbent loading generates a lot of heat due to exother-
mic reactions, it is possible that sorbent systems that have high
¢ values could further increase the sorbent bed temperature,
thus causing unwanted changes to the sorbent system. While
these effects might be miniscule at small sorbent bed volumes,
in an actual facility, bed volumes could be very large com-
pounding the issue further. The k (in W m~"' K™ ') is also an
important consideration that goes along with c. Higher k& values
in the loaded material will allow for the reaction heat to be
dissipated faster.

The bulk density (pp,) is of interest because higher-p;, sor-
bents of equivalent size and shape to lower-p;, sorbents occupy
less volume in an off-gas sorbent column (with equivalent SSA
and SC and other parameters being equal). Thus, p;, needs to
be considered both for sorbent bed implementation and the
storage volume of the loaded sorbent material.

3.4. Ease of implementation

Some solid sorbent materials are already available commer-
cially in large volumes (e.g., silver zeolites, activated carbons) or
engineered forms of the precursor materials can be purchased
in large volumes for subsequent functionalization (e.g., mole-
cular sieves). On the other end of the spectrum, most sorbent
options require a custom synthesis process where base materials
are not available commercially [e.g., metal-exchanged alumino-
silicate xerogels,”" polyacrylonitrile (PAN) composites'®®'%°].
However, it is possible that some of the more complicated
and/or expensive sorbents to produce will show advantages that
justify the added requirement of longer lead times and higher
fabrication costs. In this regard, additional functionalizations
can be added to the sorbent to further improve sorption
performance such as acid-resistant or reduction-oxidation
(redox)-buffers such as thiol (-SH) groups (see Section 7,
Sorbent functionalization).?>** It should also be noted here
that some applications will require that certain elements not be
included in the sorbent to prevent complications during dis-
posal in the U.S. as controlled by the Environmental Protection
Agency through the Resource Conservation and Recovery Act
(RCRA),"*® which includes Ag, As, Ba, Cd, Cr, Hg, Pb, and Se.
The commercial availability, time to commercialization (t.),
cost of sorbent material, and the operating cost of the techno-
logy all need to be considered as well. Commercial iodine
sorbents are available for various applications and range in
cost, particle (or granule) size, volume availability, kinetics of
adsorption, environmental stability, temperatures stability, and
mechanical stability. In contrast with this, technology readi-
ness levels (TRL) remain low to very low for most sorbent
options. In cases where sorbents are commercially available,
sorbent cost (i.e., $ kg * of sorbent, $ m > of sorbent) and the
volume availabilities can vary by several orders of magnitude.
Materials that include precious metals (e.g., Ag-based sorbents)
tend to cost more than those that do not, and the getter loading
can also influence the cost. In cases where sorbent technologies
appear very promising, it is possible to commercialize the

9522 | Mater. Adv., 2024, 5, 9515-9547
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materials, but ¢. can vary significantly depending upon several
factors. The operating cost of the sorbent technology could
include a range of things, including the operating lifetime of
the bed (how often it needs to be replaced) and how tight the
operating parameter tolerances are for the material (e.g., tem-
perature, competing species).

The TRL level of the sorbent technology is of utmost
importance when implementing within a nuclear facility.""*
The TRL chart is shown in Fig. 5 and ranges from TRL-1 (low)
to TRL-9 (maximum). Prior to implementation in a nuclear
facility, certain metrics are required to be met that include
demonstration at different scales (i.e., bench-scale — pilot-
scale — full-scale). The cost for each subsequently larger-scale
demonstration can increase exponentially and is likely the
factor limiting TRL jumps for emerging and promising new
technologies.

Additional considerations include sorbent robustness, flex-
ibility and pretreatment, process complexity, energy consump-
tion, and environmental safety and health. The robustness
pertains to the variation in operating parameters tolerated
without deleterious effects or might be better defined as the
tolerance of the sorbent technology to upset process condi-
tions. The flexibility and pretreatment aspects pertain to the
range of processing conditions where the technology can be
implemented when a wider operating envelope is ideal and
less stringent product requirements are required (e.g., pre-
purification, narrow temperature operation ranges, changes
to the sorbent under varying process conditions). The process
complexity pertains to the number and type of control systems

system test, launch | |
& operations

system/subsystem
development

technology
demonstration

technology
development

research to prove
feasibility

basic technology
research

112,113

Fig. 5 Technology readiness level (TRL) diagram.
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and unit operations required to implement the technology, as
well as the effects of cost, volume, and footprint of the treat-
ment system on the overall cost of the technology. The energy
consumption of system implementation should ideally be as
low as reasonably possible. The environmental safety and
health impacts of a sorption technology can include many
different factors such as the toxicity of sorbent system or
production of hazardous chemicals from implementation of
the sorbent. Several of the more promising iodine gettering
technologies proposed include the use of elements (e.g, Ag, Pb)
or compounds (e.g., Agl, PbL,)" that have disposal restriction
requirements in the U.S. EPA under RCRA (40 CFR 261),""°
which was discussed earlier within this section.

4. Getter selection

As mentioned in Fig. 1c, several aspects to getter selection
must be considered when designing a sorbent for iodine that
include the need for chemisorption, physisorption (for easier
desorption), or a combination thereof as well as which metals
are desired (for various reasons). After the getter and the
support are selected, the method of adding the getter to the
support is not a trivial process and requires some engineering.
While some commercially available Ag-containing sorbents
require ion exchange processes (e.g., IONEX Ag-400 AgX),'"*
others are likely produced using easier methods, including
soaking the porous substrate in Ag-containing solutions (such
as aqueous AgNO; solution) and then drying, e.g., Ag-loaded
silica (e.g., Ag-KTB, Ag-KTC)'®'>'%115:116 and Ag-loaded alu-
mina (i.e., Clariant AC-6120).">*7"7118 [t is plausible to utilize
similar processes to load these same base supports with
different metals using different metal salts. However, for
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sorbents where the getter metal is incorporated into the sor-
bent structure through a process of ion exchange and/or surface
functionalization, the overall process can quickly become more
time consuming, more costly, and generate more waste. Examples
of this are preparing metal-exchanged zeolites or loading metal
nanoparticles onto porous and passive substrates,>!?*>>119:120
which can require several steps.

4.1. Thermodynamics considerations and general properties
of ML, compounds

For an MI, compound to form under the conditions of the
desired application(s), the thermodynamic requirements must
be met including a favorable Gibbs free energy of formation
(AG¢) in comparison to the formation of alternative compounds
[e.g., metal oxides (MO,), other M-halides]. Considering MI,
compounds that show spontaneous formation probabilities
(i.e., AGs < 0), the formations of the equivalent MO, complexes
are often even more spontaneous (i.e., AGf,MOy < AGf,MIX) under
the relevant conditions and, actually, very few elements show
the opposite (i.e., AGf’Moy > AGgp ) as summarized in Fig. 6.
Several that do show the relationship of AGf,MOy > AGtmi,, €ven
if only at some temperatures in the range of 25-500 °C, include
many that would not be plausible to implement in an actual
capture process: lanthanides (i.e., Eu*") due to costs, alkalis
(i.e., Na*, K, Rb", Cs") and alkaline earths (i.e., Ba>", St**) due
to reactivity and water solubility of MI, compound, hazardous
metals (e.g., Ag", Ba®>", Hg", Hg*", Pb>", TI") due to disposal
restrictions, and precious metals (e.g., Pd**, Pt**, Pt"") due to
costs.'*"'*? Even though the formation of a given MI, compound
might be spontaneous, it is unclear whether or not this would
form in the presence of oxygen in the stream. It is possible that
the MI, compound could form through modification of the
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Fig. 6 Comparison of Gibbs free energy of formation for metal oxides (AG%.) and metal iodides (AG®,) based on thermodynamic data from HSC
Chemistry including the (a) the full data range and (b) the magnified data range based on where the data fall. The oxidation states chosen for this graphical
representation are based off those available in the software for the base metal of interest. The 45° line represents the boundary between the preference
of formation of the oxide over the iodide (above the line) or formation of the iodide over the oxide (below the line); these preferences are based on a
lower Gibbs value for one species or the other. For all species, data is presented for multiple temperatures (T = 25-500 °C) where the higher
temperatures are upwards and towards the right. These figures were modified from the originals and reprinted with permission from Riley et al*?* and
Riley et al.*??> Copyright 2020 and 2021 American Chemical Society.
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capture environment. Also, just because an element is hazardous,
does not preclude it from being considered if the MI, compound
(e.g., PbL,)" passes the toxicity characteristic leaching proce-
dure.'* Finally, the formation of an MO,I, compound (e.g., AgIO3,
BiOI) might also be favored after initial capture as MI, due
to long-term stability, which is discussed more in Section 4.2
(Physical and chemical properties).

4.2. Physical and chemical properties (unloaded and loaded)

Another aspect to consider for implementing a specific getter
metal onto (or into) a support for demonstrating iodine capture
includes evaluating the properties of the metal and the
intended MI, (or MI,O,) compound that will form under the
expected conditions. The main properties of interest in this
category include some physical properties of both the metal (M)
and the MI, compound, such as the melting temperatures
[ie, Tmm) Tmmyy), boiling temperatures [ie., Thoa), Topmiy)
(volatility), and hygroscopicity. The list also includes the molar
ratio of I: M in the ML, compound (i.e., MI, = xI/M, e.g., Tals is
5), which drastically affects the overall waste loading in the
final material so it can have a large impact on other properties
down the line.

Examples of several MI, compounds (including BiOI) are
summarized in Fig. 7 based on the I/M"" molar ratio and the
iodine concentration in the MI, compound. This graphical
representation shows which getters have been evaluated exten-
sively, moderately, and those that are still in need of additional
exploration, but they are ordered in terms of the total mass
capture capacity based solely on the MI, compound where the
addition of a support or scaffold only dilutes the iodine loading
potential. The use of metals that have a higher I: M molar ratio
means that one could capture more moles of iodine with the
same number of moles of metal in comparison to a getter
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system with a lower I:M value. Those that have been deemed
not viable in the past might be viable if sorbent recycling can be
implemented (see Section 3.2, Sorbent performance, where
dual-bed systems are discussed).®

The Ty, and T}, values are important properties as they can
vary widely across MI, compounds. In some cases, thermal
stability of the ML, compound is lower than that of the M alone
so formation of the MI, can destabilize the sorbent (e.g., Inl;,
Snl,, Snl,)."*> While the formation of Inl; showed very favorable
in recent experiments,'*> this compound readily deliquesces in
room humidity air. Additionally, the decomposition temperature
and Ty, of the MI, compound are important because the common
approach to iodine waste form production is using some type of
hot-pressing process whereby MI, compounds could be broken
down resulting in evolution of the iodine present and thus failing
at immobilizing the iodine initially captured.

4.3. Other considerations

The many reviews have included discussions on metal-based
getters used for gaseous iodine capture,'®>07%62,65770,1247126
As discussed above, some getters might show promise based
on idealized thermodynamic calculations, however, practical
implementation of these materials in an actual sorbent system
might be limited to due to commercial feasibility (e.g., avail-
ability, cost, hazardousness) and/or performance feasibility
(e.g., sustained capture in realistic off-gas environments).®>"**’
As thermodynamic and kinetics considerations of specific
getters have been extensively covered in the other reviews cited
above, this section will dive into performance feasibility dis-
cussing the use of promising getters in real-world systems.
After down-selecting metal getter candidates based on com-
mercial feasibility, the main performance challenge to over-
come for many nuclear applications is sustained iodine capture
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in highly oxidizing conditions (e.g., in NO,) with competing
species present [e.g., Clyg]. Sorbents containing silver have
been the most widely studied because the formation of a MI,
compound is more thermodynamically stable than the corres-
ponding oxide. Historially, AgZ (or Ag°Z) is considered the
baseline sorbent for the capture of radioiodine by the U.S.
Department of Energy because of its moderately high TRL, good
capture efficiency in a wide range of realistic off-gas environ-
ments, moderate SSA, commercial availability, and low solubi-
lity of AgI in water (after iodine loading). In Europe and Japan,
silver nitrate (AgNOj)-impregnated silica and alumina have
been successfully used to remove elemental iodide and alkyl
iodides from fuel reprocessing streams,'®'*19:37:1157118 Thege
sorbents have been reported to be 3 to 10 times less expensive
than zeolite."” In either case, silver can be easily oxidized by the
presence of O,, NO, NO,, and H,O in the environment. If
oxygen is present, a silver iodate can form through the follow-
ing reaction shown in eqn (5)."*° For additional discussion on
this topic, see Section 2.2 (Highly oxidizing conditions) above.
2 Ago(s) + Ihg) T 1.5 Oy = Agls) + AgIO03( (5)
Lu et al."®® reported an interaction between silver oxide
nanoparticles with iodine to form B-Agl [eqn (6)]. Wiechert
et al.®® conducted aging studies on reduced silver mordenite
(Ag°Z) exposed to NO and NO, environments for up to 6 months.
For this material and gas stream, any Ag,O that formed was just
an intermediate product on the path to AgNO; formation. Here,
AgNO; was attributed as a significant contributor to the adsorp-
tion of iodine; however, aged samples had <4% I, capture
capacity after 6 mo. This was attributed to a series of processes
that led to the oxidation of Ag® and the migration of the resulting
ionic Ag into the mordenite channels and exchanging at proto-
nated binding sites (i.e., return to its original state prior to
reduction), in combination with the aggregation of residual
nitrates within these channels, inhibiting diffusion of I, into
the crystal. Similar studies were conducted at Oak Ridge National
Laboratory (ORNL).”*

2 AgZO(S) + 2 Iz(g) — 4 Agl(s) + OZ(g) (6)

As discussed previously, all reactions are highly dependent
upon other species in the gas stream, which can include acidic
gases, organic iodides [e.g., CH3(CH,),I], water, and oxidizing
gases, all of which will interfere with the gettering performance
of a solid sorbent bed. While isolated studies are critical to
understanding the underlying physical and chemical processes,
dynamic studies that combine all the potential species in gas
streams are still needed to fully understand the behavior of
the sorbent in a realistic gas stream. Alternative metals to
Ag are actively being explored due to low sustained iodine
capture performance of Ag°Z/AgZ in extreme environments
(e.g., NO,)'*® and because Ag is an expensive metal whose
disposition is controlled in the U.S. by the EPA under RCRA
(see Table 1)."*°

Bismuth-based (Bi’/Bi*") materials are one of the leading
candidates to replace silver due to environmental and
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economic advantages with the additional benefit of having
many stable oxyiodide (i.e., Bil,O,) compounds, e.g., BiOI,
Bi;O,1, Bi4OsI,. While the formation of Bil; is desirable due
to the high I/M ratio, its high sensitivity to the environment and
low thermal stability will likely require an additional step after
iodine capture to prevent the release of I, through a conver-
sion to BiOI shown in eqn (7)."*° Wagner et al."*' observed the
decomposition of Bil; to Bil or BiOI at room temperature
depending upon the environment. No change was observed
in the surface of Bil; stored in an inert gas or in O,. When
stored for a few months in a dynamic vacuum, Bil appeared on
the surface, while BiOI was found to form after only a few hours
in humidity. Rapid decomposition of Bil; to Bil,O, compounds
also occurs between 200-500 °C in eqn (7) and (8)."*>7*3

2 BiIg(S) + Oy — 2 BiOI + 2 Ly (7)
5 BiIO(S) + Oyg) — Bi;O/1 + 2 Lyg) (8)

To address the stability issue, Yang et al.®” reacted Bil,

captured by a bismuth-embedded SBA-15 mesoporous silica
with Bi,O; to convert to the chemically durable oxyiodide
compound of Bi;O,;I. While a reasonable solution at the
bench-scale, this process is less feasible when it comes to
deployment at an industrial scale due to the cost and complex-
ity of the additional infrastructure required. To eliminate the
need for a second step, the reaction to directly produce an
oxynitride during capture has been explored. Also, the iodine
loading in BisO-I is rather low (9.9 mass%).

Baskaran et al.*** used NO, to examine the effect of the oxide
layer on iodine capture capacity of bismuth nanoparticles (Bi-
NPs) and bismuth nanoparticle-loaded silica xerogels (TEO-5).
Exposure to 1 v/v% NO, at 150 °C before iodine loading led to
the formation of «-Bi,O3; phase or amorphous Bi,O3, which is
thought to form through eqn (9) and (10). The bismuth in both
sorbents was completely oxidized to Bi,O; after 6 h; however,
the rate of aging in the TEO-5 was slower than the Bi-NPs due to
the protective silica matrix (Fig. 8). Shielding of the getter with
the matrix using sacrificial coatings or redox-buffers (e.g,
functionalization layers) are possibilities to prolong the life of
the sorbent, which is discussed in greater detail in Section 7
(Sorbent functionalization). After exposure to iodine, the
phases that were present depended on the original concen-
tration of the Bi,Oj;. If the Bi:Bi,O; molar ratio was >1, both
BiI; and BiOI were present with BiOI formed through reactions
shown in eqn (11) and (12).

8 Bi(s) + 6 NOyg) — 4 Bi,O5 + 3 Ny (9)
2 Bis) + 3 NOyg — Bi,O; + 3 NO (10)
Bi,O3(s) + Bi(s) + 1.5 L) — 3 BiOI (11)
Bil, + Bi,0; — 3 BiOI (12)

At Bi:Bi,O; « 1, the remaining Bi was not sufficient to form
a bismuth-iodine compound, leaving a high concentration of
unreacted Bi,0;.'"" Understanding that oxidizing conditions
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Fig. 8 Results from Rietveld refinement applied on X-ray diffraction data of (a) bismuth nanoparticles (Bi-NPs) and (b) silica xerogels (TEO-5) loaded with
Bi-NPs after 0 h, 1 h, and 3 h of 1 v/v% NO; aging, and the same samples after subsequent iodine exposure (c) Bi-NPs and (d) TEO-5. The bismuth-
compounds formed after aged samples were exposed to iodine is dependent upon the Bi:Bi,Os ratio. When Bi,Oz was greater than 50% after aging, as for
3 h shown in (a), only BiOl and Bi,O3 were present after iodine exposure, as shown in (c). For aged samples with less than 50% Bi,Os, Bils, and BiOl were
present as shown in (c) 0-h and 1-h aged Bi-NPs and (d) 0-3 h aged TEO-5. This figure was recreated from Baskaran et al'%® and reprinted with

permission. Copyright 2022 Elsevier.

are common in capture environments and when a plant is
idling, a secondary aging was performed where iodine loaded
samples were exposed to NO,. All Bil; converted to BiOI and no
Bi,O; was observed; however, for TEO-5, the large volume
increase as Bi changed to Bi,O; and the iodide led to mechan-
ical instability of the sorbent. Therefore, for this process to be
feasible, a sorbent with high mechanical resilience must be
formed.

Reda et al.'* recently reported on a material that solves both
these issues through the formation of a composite of Bi,O;
doped graphitic carbon nitride nanosheets and bismuth-
pillared interlayered clay (Bi,O;@g-CNN-PILC). Chemisorption
of iodine was suggested to occur through two routes: (1) a direct
reaction of I, with Bi,O3/Bi to produce Bil; and BiOI, and (2) a
Lewis acid-base reaction between the I, and a lone electron
pair associated with the nitrogen species, leading to the for-
mation of polyiodide anions. High sorption values were
reported (830-1537 mg g~ '); however, these values appear to
be from both chemisorption and physisorption (attributed to
pore filling). Another highly promising aspect of this material is
the potential for regeneration. An ethanol soak was used to
release iodine from the sorbent between iodine reloading.
While the iodine capture capacity reduced from 830 mg g '
to 725 mg g~ after six cycles, it is still much higher than the

9526 | Mater. Adv, 2024, 5, 9515-9547

capture performance of an unaged Bi-impregnated Al/Cu oxide-
pillared montmorillonite clay (485 mg g '),"*® Ag-mordenite
(170 mg g~ "),"® and Bi5@mordenite (538 mg g~ )."*° Additional
studies on Bi,O;@g-CNN-PILC are warranted to determine the
loading as a result of chemisorption, if the material can be
tailored for greater chemisorption, and if different regeneration
processes can be developed that limit aging and could be easily
implemented in a facility.

Copper has received attention as another alternative to Ag
for iodine capture and immobilization.>***>%10%122 The
kinetics of copper-iodine reactions appear to be slower than
that of silver-iodine,"* but the formed Cul compound has
promising properties (see Fig. 7).>*'°®13° Copper has been
utilized in iodine capture studies in the form of Cu-exchanged
zeolites,” copper-exchanged aluminosilicate aerogels and
xerogels,'*! Bi-impregnated Al/Cu oxide-pillared montmorillo-
nite clays,"® Cu,S in PAN beads," as well Cu® in different
forms.**®*2> Many of these options show high loading potential
and the cost of copper implementation is notably lower than
that of Ag with the added benefit of the lower environmental
toxicity. The main limitation with copper is the likelihood of
oxidation or unwanted side reactions in oxidizing environ-
ments due to the lower nobility of Cu compared to some other
candidate metals like Ag.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Developing sorbents that will overcome these performance
and aging challenges is an exciting and worthwhile quest.
However, the baseline (or most proven) sorbent technologies
are attractive as they tend to be readily available (or easily
scaled if not currently mass produced), cost effective, and,
in the case of "°I, have the potential to provide long-term
immobilization in a chemically durable waste form (e.g., as
AgD)."**"*” An alternative approach to solving these challenges,
is to examine the regeneration and recycling of sorbents using a
primary capture bed and a secondary bed for off-loading
that iodine onto a different sorbent bed with higher loading
capacity (discussed in Section 3.2, Sorbent performance).

5. Scaffold selection

Once the getter is selected, the scaffold (which can also be
referred to as the support or substrate) for that getter is of
utmost importance. As is mentioned in Fig. 1d, a variety of
different options are available for implementation, including
zeolites, porous ceramics, aerogels, xerogels, porous polymers,
and organic substrates (e.g., MOFs). In general, the key cate-
gories to consider, which are summarized below, include the
form and general properties of the scaffold, the chemical
compatibility, and the ability for the scaffold to be active
(actively be used in iodine capture) or passive (it does not
capture). Some of the topics covered in this section were also
covered briefly in Section 3 (General sorbent requirements).

The support has to meet several process requirements,
including a form that provides a minimal pressure drop across
a sorbent bed (e.g., a packed bed of porous beads), high
chemical compatibility with the stream (e.g., it cannot degrade),
high mechanical integrity (e.g, it should not undergo particle
attrition when in operation), and the ability for getter loading
(e.g., passive support with active getter or active support con-
sisting of the getter). The iodine loading in a chemisorption-
based sorbent is directly related to the getter loading in the
support. While the getter loading should be maximized, there is
a threshold maximum before the getter loading is too high to
where iodine loading processes will negatively affect the loaded
sorbent (e.g., due to sorbent swelling and particle attrition) or
where the getter utilization is incomplete'®® resulting in higher
operating costs. The SSA is also of utmost importance when
trying to maintain porosity to allow accessibility of the active
sites. The pore structure plays a crucial role as well because
pores of different sizes and structures affect the sorption
kinetics and capacity.

5.1. Form and general properties of the scaffold

When considering a packed bed assembly for off-gas capture,
the pressure drop (P4) across the bed volume is an important
aspect of the system design. The P4 value is based off the
restrictive flow influenced on the bed by the sorbent packing
density, open pore volume, pore volume accessibility (path
tortuosity), and the open volume between the sorbent particles
in the bed. Different particle geometries will result in different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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packing densities, e.g., cylinders/extrudates, beads, berl sad-
dles, irregular particles. The leading forms under consideration
in the U.S. for nuclear applications are engineered forms of
zeolite-based sorbents that are cylindrical or spherical in shape
(e.g., AgZ/Ag°Z, AC-6120). If a granular sorbent is implemented,
the open volume between the granules can be calculated based
on packing of uniform shapes. Higher P4 values require higher
fan energy and higher vacuum downstream, and larger sorbent
bed cross-sectional areas (or multiple beds in parallel) if
process pressures upstream of the sorbent bed need to be
negative.

Large variations in reported SSA values for sorbents result
from moisture trapped in the material during actual operation,
and any physical property changes that occur during the
measurements, e.g., pore structure collapse due to thermal
stresses. While higher SSA typically means higher sorption, it
also tends to reduce mechanical integrity, so this property can
have trade-offs.

Combining py, k, and the specific heat (Cp), the thermal
diffusivity (o) of the material can be calculated using eqn (13)
below. This o value combines these different material proper-
ties to determine how fast the temperature will change in a
material as a function of temperature changes within its
surrounding environment. In some instances, similar chemical
species might be present in an off-gas stream where the target
is iodine, and these unwanted species could be co-adsorbed by
the sorbent along with the target analyte. Examples of these
species include other halide gases like Cl,,). Selecting a sorbent
that can perform efficiently in the presences of these materials
is essential based on the S, ;, values between the target analyte
and these competing species (see eqn (2) and Section 2.1,
Forms of iodine and selectivity).

o= k/p -Gy (13)

The bed volume metric has to do with the total amount of
sorbent material required to effectively capture and immobilize
the iodine phase. This metric ties back to other metrics
including the saturation capacity (SC) of the sorbent, the
sorbent packing density, and the sorbent py,.

5.2. Active scaffolds

5.2.1. Metallic sorbents without scaffolds. Recent studies
by Riley et al.">> and Chong et al."*® revealed some information
about using pure metals for iodine capture in saturated envir-
onments. In the Riley et al.** study, 0.5-mm diameter metal
wires of Al°, Ag®, Cu®, In°, Mo®, Nb°, Ni’, Pd®, Pt°, Sn°, and Ta°
were subjected to a saturated I,y environment in a sealed
system at temperatures of 100 + 3 °C, 123 £+ 4 °C, and 139 +
5 °C for 24 h each. After static I, loading, the samples were
analyzed for iodine uptake both gravimetrically through mass
changes and chemically with energy dispersive X-ray spectro-
scopy (EDS). The results from this study showed that several
metals displayed an affinity for iodine. Some resulted in an
increased affinity with increasing temperature (i.e., Ag°, Cu’,
and In°), while others showed the opposite (i.e., Al® and Sn°).
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Also, the extents of reaction (conversion rates) were notably
different between samples where some fully reacted based on
microscopy observations (e.g., Ag®) while others only partially
reacted (i.e., Cu’, Sn° Al°). A summary of the iodine loadings
(my mg ") for all of the samples are provided in Fig. 9 and show
that the highest loadings were demonstrated with Sn° (100 °C;
4400 mg g~ 1), In® (139 °C; 3340 mg g~ "), In°® (123 °C; 1600 mg
g "), and Ag° (139 °C; 1200 mg g '). It is unclear what
prevented several of the metals from reacting or even showing
mass losses in some cases, including Mo°, Nb° Ni°, Pd°, Pt°,
and Ta’ but it is likely that this can be attributed to passivation
oxide layers and/or unfavorable thermodynamics for these
reactions.

5.2.2. Chalcogel sorbents. An additional type of active
sorbent includes sulfide-based aerogels, called chalcogels.
These are porous chalcogenides where the sulfur atoms and
the metal linkers within the chalcogels can aid in different
types of iodine capture (ie., physisorption and/or chemi-
sorption). More details can be found elsewhere on perfor-
mances of these types of sorbents.”**'*® Examples include
NiMoS,, CoMoS,, Sb,Sn;S,,, and Zn,Sn,Se.

5.3. Passive scaffolds

Passive scaffolds are the most heavily studied types of iodine
sorbents as they provide many of the desirable characteristics
described above. Several different types of passive scaffolds can
be utilized to support active getters. The most studied type of
passive substrates for radioiodine capture are different types of
zeolites but metal-loaded ceramics, aerogels, xerogels, carbons,
and metal-organic frameworks are also being developed.
5.3.1. Zeolite sorbents. An extensive body of literature
exists on metal-exchanged aluminosilicate zeolites for iodine
capture with a large portion dating back to the 1970s and
1980s,1016718:119,141144 N o6t of the studies on this topic have
pertained to mordenite-type (MOR or “Z”) zeolites,**"**'** but
other zeolites have been studied as well including faujasite
(FAU or X/Y),"'*"'%'% chabazite (CHA),"*® ZSM-5 (MFI),""’

9528 | Mater. Adv, 2024, 5, 9515-9547

n from Riley et al.?? Copyright 2021 American Chemical Society.

ZSM-22 (TON),'*® Linde type-A (LTA, e.g., 3A, 4A, and 5A),'*?
and beta (BEA)."®'” Some of the differences between the
zeolites are their crystal structures (see Fig. 10), chemical
compositions (e.g., Si:Al molar ratio), unit cell sizes, cation
exchange capacities (CEC), acid resistances, and porosities. The
aluminosilicate zeolites contain negatively charged frameworks
built from AlO,*>~ and SiO,*” tetrahedra, which are charge
balanced by cations (e.g., H', Na') that reside within the cages
and channels within these frameworks,'%"®*819,143,144,148-150

While several zeolites are available commercially, many are
not and require laboratory syntheses to produce. Some of the
different chemistries are shown in Fig. 11. The Si:Al molar
ratio of MOR is typically 5:1, while the different FAU-type
zeolites are classified by lower ratios of Si/Al < 2 for FAU-X
and Si/Al >2 for FAU-Y.

In a study conducted by Pence et a several different types
of metal-exchanged zeolites were evaluated under similar con-
ditions. Several different materials were considered including
Cd, Cu, Hg, Pb, Tl, as well as mixed rare-earth cations through
ion exchanging base zeolite materials. Most of these do not
perform well under increasing relative humidities, even though
many do show high I, capture efficiencies. The results from
CuX and PbX experiments are summarized in Table 3.
A commercial Y-zeolite loaded with Hg”>* ions (from Union
Carbide Corporation and referred to as Hg>'Y) was shown to
be the best of the metal-exchanged zeolites tested with >99.9%
efficiency under 23 cm s~ ' face velocity in a water-saturated
atmosphere at 22 °C. They reported that the only metal-
exchanged zeolites that showed appreciable capture in experi-
ments with CH;lI instead of Iy were the Ag-zeolites. The
highest performing non-Ag zeolite was Hg”'Y, where an effi-
ciency of 33.8% was documented at 125 °C under 90% RH
at 23 cm s ' face velocity. In a separate study reported by
Staples et al,'®® 5-cm deep beds were packed with metal-
exchanged faujasite zeolites including CdX, CuX, NaX, PbX,
and ZnX, and I, capture efficiencies were evaluated at differ-
ent bed temperatures (i.e., 100 °C or 200 °C) and different RH

L ,18

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diagram for zeolite minerals that shows the acid stability® (this drawing was
modified from ORNL drawing 78-15097%%2).

values (ie., 1.5% or 8.5%); these data are also summarized
in Table 3. For these tests, experimental details included a
1.4 mg I, g~ ' substrate loading at 99% efficiency, 90 mg I, m*

© 2024 The Author(s). Published by the Royal Society of Chemistry

airborne concentration, a 60-min pretest purge, a 60-min test
period, and a 15-min post-test purge. From this study, the
effects of humidity and temperature on the I,y adsorption
efficiencies are very apparent.

In a study by Yadav et al.,"** AgX (IONEX Ag-400) and AgZ
(IONEX Ag-900) were evaluated for iodine capture and recycl-
ability of Ag. Both were loaded with iodine in static conditions
at 150 °C for 24 h. The iodine adsorption capacities of AgX and
AgZ were 334 mg g ' and ~120 mg g ', respectively. After
iodine capture, the framework structures of AgX and AgZ
collapse, and the SSA values were decreased by 91% for AgX
and 58% for AgZ. Formation of Agl was observed for both
AgX and AgZ, and the iodine adsorption capacities were directly
related to the initial Ag amounts in the sorbents.

5.3.2. Carbon-based sorbents. MOFs that are composed of
metal ions or clusters and organic linkers and POPs that are
constructed from covalently bonded organic building blocks
offer versatility in the molecular design of support structures,
which also allow for the physical adsorption of iodine.’® Their
pore sizes and pore volumes can be tuned by using different
building blocks and linking topologies to accommodate iodine
molecules at high concentrations. Limiting factors for utilizing

Mater. Adv., 2024, 5, 9515-9547 | 9529
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Table 3 Comparison of adsorption efficiencies of metal zeolites for
capture of Iy where ¢, T, Vi, RH, and AEr are the concentration of iodine
in the stream, temperature of the experiment, face velocity of the stream,
percent relatively humidity, and adsorption efficiency (mass%), respec-
tively. These data are from Pence et al.'® and Staples et al.}%®

Material ¢ (mgm™®) T(°C) Vi(ems') RH (%) AEr (%) Ref.
CuX 5 22 23 98+ 47.2 18
CuX 33 90 46 98+ 54.0 18
CuX 75 90 23 98+ 59.1 18
CuX 70 90 23 <5 99.1 18
PbX 5 22 23 98+ 35.7 18
PbX 45 22 23 <5 99.9+ 18
PbX 56 22 48 98+ 5.2 18
PbX 25 90 46 98+ 51.2 18
PbX 58 90 23 98+ 67.2 18
PbX 69 90 23 <5 99.9+ 18
Cdx 90 100 25 1.5 99.986 106
Cdx 90 100 25 8.5 99.992 106
Cdx 90 200 25 1.5 99.836 106
CdX 90 200 25 8.5 99.985 106
CuX 90 100 25 1.5 31.67 106
CuX 90 100 25 8.5 4.96 106
CuX 90 200 25 1.5 0.45 106
CuX 90 200 25 8.5 0.50 106
NaX 90 100 25 1.5 99.86 106
NaX 90 100 25 8.5 80.69 106
NaX 90 200 25 1.5 99.93 106
NaX 90 200 25 8.5 64.39 106
PbX 90 100 25 1.5 93.45 106
PbX 90 100 25 8.5 56.88 106
PbX 90 200 25 1.5 88.15 106
PbX 90 200 25 8.5 77.61 106
ZnX 90 100 25 1.5 — 106
ZnX 90 100 25 8.5 4.17 106
ZnX 90 200 25 1.5 — 106
ZnX 90 200 25 8.5 4.15 106

MOFs in these streams include a low tolerance to water vapor as
well as partial oxidation and carbonization over time when
exposed to high temperatures and an oxidizing atmos-
phere.'>*'>* COFs,***® MOFs,** %% and POPs**>° are discussed
elsewhere in greater detail. Both MOFs and POPs can act as
precursors for hyperporous carbons; however, POPs are a more
commercially viable option as they are lower cost and have a
high potential for scalability. A hyperporous carbon (THPS-C)
was produced by carbonizing triptycene-based hypercrosslinked
porous polymer sponge (THPS).'>® The resulting THPS-C was
composed of substantial irregular spherical particles with
significantly higher SSA values compared to the parent material
(3125 m* g~ " versus 1426 m*> g~ '), and a large pore volume of
1.6 cm® g~ ! with a micropore volume of 0.17 ecm® g~ ". The high
SSA and hierarchical pore structure were attributed to the use
of a KOH activating agent, which etched softer components
and produced a CO, composition product that promoted the
generation of micropores.

Aside from carbon-based COFs, MOFs, and POPs, the acti-
vated carbon class of scaffolds is one of the most studied
sorbent materials after zeolites due to ease of preparation in
many forms (e.g., pellets, fibers, foam), good chemical stability,
decent thermal stability, high SSA values, and (oftentimes) very
low cost. Additionally, the pore structure of these materials
is easily tunable through variations in the carbonization

9530 | Mater. Adv, 2024, 5, 9515-9547
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methods. The supports from activated carbon are easily made
from naturally occurring carbonaceous materials and can
trap iodine via physisorption due to weak van der Waals
forces.'>°067:153,134156 yyoen-rich micropores were reported
to greatly enhance the adsorption capacity of iodine on carbon
derived from cellulose diacetate using hydrothermal carboniza-
tion followed by KOH activation.”” While physisorption per-
formance typically decreased at high temperatures and is
negatively affected by the presence of water and NO,," the
presence of oxygen-rich structures (i.e., C,401,Hg, C24015) miti-
gated these effects.””” As the carbon itself only interacts with
the iodine through physisorption, surface functionalization
(see Section 7, Sorbent functionalization) must be performed
to enable chemisorption. While only physisorption is undesir-
able, it has the potential to enhance chemisorption for getters
with lower iodine capture kinetics if the carbon matrix acts as a
concentrator.

Yang et al.®® explored how the density, adsorption coeffi-
cient, pore volume, and structure impacted the iodine sorption
of activated carbon fibers (ACFs). Commercially available ACFs
underwent treatments with KOH (0.1% KOH solution at 40 °C
for 24 h) and/or were microwaved (385 W for 1 min) to alter the
pore structure of the parent material. After modification with
KOH (ACF-K), the SSA values increased from 1253 m*> g~ to
1363 m*> ¢ ' and the maximum saturated adsorption of iodine
increased from 1675 m* g~ to 1803 m” g~ '. Interestingly, the
microwave treatment (ACF-W) had a surface area of only 1286
m? g~ " but the highest iodine adsorption of 1958 m”> g~ *. While
the overall pore volume and volume of micropores of the ACF-
W was lower than the ACF-K, the rate of adsorption and initial
desorption was faster, indicating that the pore structure played
a significant role in the iodine adsorption kinetics.

A challenge with many of these microporous carbon sor-
bents is their low mechanical stability, which can lead to the
release of particulate matter containing iodine during opera-
tion. One solution to this challenge is to carbonize a mechani-
cally stable monolith. The use of a polycondensate containing
melamine (C3HeNg), formaldehyde (CH,0), and polyoxymethy-
lene ([CH,O],) with an antioxidation agent foam has been
reported to produce a nonfriable, carbon monolith.*>5%°
Although it shows a lower SSA than other carbon-based sor-
bents, it is minimally friable and can be easily functionalized
using electrodeposition or hydrothermal methods.

5.3.3. Polymer-based sorbents. In a study by Chong
et al.,'*® the three best-performing chemisorbers of Ag®, Cu®,
and Sn° from the Riley et al.*** study (described in Section 5.2,
Active scaffolds), in addition to Bi’, were evaluated in particle
form both as raw metals and incorporated into PAN beads to
act as porous and passive substrates. In this study, metal
particles were incorporated into the PAN beads at loadings of
75 mass% metal in PAN, and the resulting oblate spheroidal
beads had sizes ranging from 2.29 (£ 0.12) mm to 3.09 (+ 0.11)
mm in diameter at the largest two dimensions. These were
produced by dissolving 0.2 g of PAN fibers in 3 mL of dimethyl
sulfoxide (DMSO), mixing in 0.6 g of the metal particles in
separate containers followed by dropping the metal-PAN-DMSO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mixture from a pipette into a cooled and stirring water bath. After
dropping the beads into water, the DMSO is drawn out of the
beads and diluted through passive diffusion. Following the water
rinsing process, the beads are then dried in an oven. The iodine
loading experiments were conducted in saturated L like the
previous study but at 120 £ 1 °C for 48 h and with a 24-h and 72-h
time point for the Bi’-containing samples. The highest iodine
mass loadings were observed for Sn particles (3000 mg g~ "), Sn’-
PAN (1670 mg g~ ), Cu’-PAN (1460 mg g~ '), and Bi° particles after
72 h (1380 mg g '). Additional studies with PAN composites
loaded with metal sulfides, which all show promise and high
iodine loadings in static tests meriting further exploration,
included Ag,S-PAN (< 826 mg g ), Bi,S; (< 986 mg g™ '), and
Cu,S (1095 mg g~ 1).1091°

6. Getter addition

As mentioned in Fig. 1e, getters can be added to scaffolds using
a variety of approaches, including as colloidal (or nano) parti-
cles, as bulk metal particles, through ion exchange, added as
aqueous salts that are dried within the scaffold, as well as other
methods. Several of these are described below in different
capacities.

6.1. Metal-loaded silica and alumina

Ding et al.'®' studied Bi° loaded silica with different morphol-
ogies, including plates, rods, and spheres that were investi-
gated for iodine capture at 75 °C, 130 °C, and 200 °C. The molar
ratio of Bi’ to silica was ~0.3. Exposing Biloaded silica to
gaseous iodine resulted in the formation of Bil; by chemi-
sorption, and physisorption was more dependent upon the
morphologies. The plate form of Bi’-loaded silica showed the
highest adsorption capacity of 960 mg g~ . Adsorption at higher
temperatures lowered the total iodine loading but increased the
ratio of chemisorption to physisorption.

Reda et al.'*® studied Bi-impregnated AlCu oxide-pillared
montmorillonite that was synthesized and evaluated for iodine
capture. The Bi loadings of 5 mass%, 10 mass%, or 20 mass%
were produced using Bi(NO3);-5H,0 solution, and the resulting
AlCu oxide pillars showed mostly Bi with a small amount of
Bi,0;. The iodine adsorption was conducted at 75 °C for 48 h.
The highest adsorption capacity of 485 mg g~ was observed for
the 20% Bi-impregnated AlCu oxide pillars. Both Bil; and BiOI
phases were present in the iodine captured AlCu oxide pillars.

Wilhelm and Schuttelkopf'®*'®® investigated the iodine
removal efficiencies of AC-6120, Ag-KTB, Ag-KTC, JFM1 using
commercial products by Siid-Chemie in Germany; as mentioned
above, some of these appear to be AgNO;-impregnated. The main
differences in these materials were the Ag contents, which ranged
from 6-12 mass% (g Ag per g of sorbent). Depending upon the
sorbent bed depth and residence time, >99.99% of iodine
removal efficiency for Ag-KTC under standard conditions was
observed.'®” Iodine loading of 40 mg g~ ' I, or CH;I for Ag-KTB
(Ag-impregnated silica gel) was obtained."®® In a study by Kikuchi
et al,'*" the removal efficiencies of methyl iodide (CH,I) using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ag-impregnated alumina and zeolite were evaluated as a functions
of the Ag-loading, and RH. At 90% RH, alumina with 10 mass%
Ag showed a removal efficiency of >95%. The results demon-
strated that Ag-impregnated alumina was more efficient for iodine
removal even with a smaller amount of Ag loading compared to
the Ag-impregnated zeolite.

6.2. Metal-loaded zeolites

Getters are loaded into zeolites through ion exchange from
parent materials (e.g., molecular sieves). Additionally, other
processes could be used such as functionalization of the zeolite
to add additional getters to the exterior surfaces of the sorbent.
Zeolites have been discussed throughout various sections
within the paper and will not be elaborated upon in this
subsection.

6.3. Metal-loaded aerogel or xerogel substrates

Different scaffold systems in the form of aerogels and xerogels
(broadly referred to as “gels”) have been evaluated in this area
with different metals loaded. The scaffolds evaluated include
silica aerogels and aluminosilicate aerogels and xerogels.
Matyas et al.>® investigated the aging effect on iodine capture
for the silver-functionalized silica aerogel (Ag®-aerogel) using
H,0 and NO, at 150 °C. To load the Ag" onto the silica aerogel,
the ions were tethered to thiol groups (see Section 7, Sorbent
functionalization) and then reduced to Ag° under a hydrogen
atmosphere to create Ag’-aerogel. Exposure of Ag’-aerogel to
water and NO, gas resulted in oxidation of thiol to sulfate and
growth of silver particles, and these results reduced the iodine
sorption capacity of Ag®-aerogel. Compared to AgZ, Ag°-aerogel
was more resistant to H,O and NO, gas. One hypothesized
solution to minimize the aging issue was exposing the Ag®-
aerogel to a reducing gas stream for a short period of time to
convert sulfate to sulfide.

In studies by Riley et al.?>**'*! and Chong et al.,**'®* the
authors demonstrated ion-exchangeable sodium aluminosili-
cate (i.e., nominally NaAlSiO,) aerogels and xerogels for hosting
different getter metal ions including Ag", Cs®, Cu®, Cu®", Fe*",
K', Li*, Rb", Sb*', sn>", and Sn*" through ion exchanges with
Na" in the as-made gels."*" For ion exchange processes, most of
the ions were dissolved in water starting from nitrates or using
colloidal SnO,; in addition, three other materials were dis-
solved in formamide as the solvent, including Sn(u) acetate
(for sSn>"), Sn(v) acetate (for Sn**), and potassium antimony
tartrate (for Sb*"). Following cation exchange, many of the
samples showed high exchange rates with reduction in
Na“, but the most effective ions were Ag", Cu®*" from Cu(NO;),
(not from CuSO,), K', and Rb". Iodine uptake experiments
performed at 150 °C showed very high loadings for the Sn**
sample (12bA-Sn*" +I; 61 mass%), Ag" (12bA-Ag + [; 42 mass%),
Sn** (12bA-Sn** + I; 41 mass%), and Sb*" (11bX-Sb + T
38 mass%) - see Fig. 12."** In addition to just metal ions, the
ions can be reduced through heating in gases such as H,/Ar to
generate metal nanoparticles, which was demonstrated for
reducing Ag" to Ag’ in both aluminosilicate aerogels and
xerogels generating Ag® crystals and agglomerates on the order
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Fig. 12 Comparison of chemical uptake (composition measured with
EDS) and gravimetric (mass change) for different ion-exchanged alumi-
nosilicate aerogels (#bA-) and xerogels (#bX-) containing Ag, Cu, Sb, and
Sn. Reproduced with permission from Riley et al'*?> Copyright 2020
American Chemical Society.

of <10 nm and >20 nm.*"** A similar approach could be used

to generate nanoparticles of other metal ions as well.

6.4. Metal sulfides

A range of metal sulfides (MS,) have been investigated for
iodine capture, which was briefly discussed in both Section
5.2.2 (Chalcogel sorbents) and Section 5.3.3 (Polymer-based
sorbents). These materials have been evaluated in the form of
aerogels, xerogels, and MS, compounds embedded in PAN
matrices where iodine reactions can result in the formation
of MI,. compounds such as Bil;, KI, Sbl;, Snl,, and Snl,(Ss), (see
Table 4).14%:160:166:167 Thege materials have an inherent affinity
for iodine without the addition of metal getters where
all sulfides tested to date show high iodine loadings under a
variety of conditions (e.g., temperature, iodine concentration,
atmosphere). This inherent iodine affinity is attributed to the
chemical interactions between the chalcogen (e.g., S) and the
Iz molecules, and this is explained by Pearson’s Hard Soft
Acid Base (HSAB) principle. Based on the HSAB principle,
sulfur is characterized as a soft Lewis base with a chemical
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hardness (1) value of 4.12 and I, is classified as a soft Lewis
acid with a #, value of 3.4."%*77° It was postulated’®® that Se-
based and Te-based chalcogels might show an even greater
affinity for I, based on 5, being even closer to that of I, but
these would be more expensive, more toxic, and more difficult
to produce for a variety of reasons. While chalcogenide aerogels
and xerogels (called chalcogels)'”" show promise, producing
these materials is time consuming and costly, especially since
many of the required precursors for synthesis are not commer-
cially available. Thus, the concept of embedding commercially
available MS, compounds in a porous matrix (e.g., PAN) is
another approach that provides a variety of additional oppor-
tunities. This concept has been shown to provide high iodine
loadings when evaluated with Ag,S,**® Bi,S;,'%*%° Cu,S,'% and
SnS,'® active getters in PAN beads (see Table 4).

6.5. Organic sorbents

While many iodine capture studies have been done with
organic sorbents like MOFs, COFs, and POPs,38740:45:46,172-174
they are not the focus of the current paper, but this subsection
was included for completion within this section. Their pore
sizes and pore volumes can be tuned by different building
blocks and linking topologies to accommodate iodine mole-
cules at high concentrations utilizing molecular sieving
approaches or intermolecular interactions, but chemisorption
has also been demonstrated.'””

6.6. Carbon-based sorbents

This section covers activated carbons, charcoal, carbon nanofi-
bers, and carbon foams. Carbon-based sorbents can be func-
tionalized with organic and inorganic species to enable
chemisorption. The choice between the two depends upon
the capture environment, iodine species, and disposal pathway
after capture.

Organic compounds can be used to chemically bind organic
iodide species typically through an Sy2 reaction.®*'’® In this
reaction, the nucleophile (species rich in electron density)
attacked a tetrahedral (sp®) carbon bearing group (leaving
group) to remove an electron pair. The Sy2 reaction occurs as
the nitrogen atom in the nucleophilic amine 1,4-diazabicyclo-
[2.2.2]octane (DABCO) has a lone pair of electrons, which can
cause heterolytic cleavage of the carbon-iodine bond. Charcoal
functionalized with DABCO was used to capture volatile organic

Table 4 Summary of iodine loading experiments run with MS, sorbents. Note that PAN denotes polyacrylonitrile, ge is the iodine loading (mg g%) and
the temperature of the loading is provided from the original reference. Numbers in parenthesis next to the MS, compound denote mass% loading of the

MS, in the sorbent (i.e., for aerogels, it is the full sorbent)

Type MS, compound MI, compound ge (mg g™ T (°C) Ref.
Aerogel Sn,S; (100%) Snl,, Snl,(Ss), 2155 25 Riley et al.®®
Sb,Sn;S1, (100%) Sbl, 2000 60 Subrahmanyam et al."*
Zn,5n,S, (100%) Snl, 2250 60 Subrahmanyam et al.**°
KCoS, (100%) KI 1600 60 Subrahmanyam et al.**
PAN composite Ag,S (90%) Agl 826 130 Riley et al.'®®
Bi,S; (70%) Bil, 986 75 Yu et al.*®°
Bi,S; (80%) Bil, 909 130 Riley et al.'®
Cu,S (80%) Cul 1095 130 Riley et al.'*®
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iodine compounds relevant for radiological release scenarios
(e.g., CH3lI, C,H;51, C3H,1, and chloromethyl iodide). DABCO was
selected as it could easily convert the organic iodide to a stable
compound that does not easily revert and/or leave the pores of
the impregnated charcoal. The organic iodine compounds
reacted with DABCO as shown in Fig. 13. The sorption mecha-
nism of compounds with greater steric hinderance were slower
to react in the Sy2 reaction. In addition to the rate at which
the organic iodide species is converted to the chemically
bound compound, the number of carbon groups attached to
the carbon on the leaving group also impacts the retention in
the charcoal. Organic iodide species must initially physically
adsorb to the charcoal before they are able to chemically react
with the DABCO. Compounds C,H;I and C3;H,I have higher
boiling points than CH;I and are therefore more likely to be
more successfully physisorbed than CH;I. These more stable
physisorbed precursor states lead to less mobility and longer
retention in the charcoal.

Tian et al.'”” synthesized Bi%-coated, Bi,O;-coated, and Bi® +
Bi,Os-coated carbon nanofibers for iodine capture. Iodine
adsorption tests were performed at 200 °C for 4 h, and Bi’-
coated carbon nanofiber showed the highest loading of 732 mg
g~', whereas the Bi,O3-coated sample showed the lowest load-
ing of 364 mg g~ '. Formation of Bil; and BiOI were observed on
the carbon nanofibers after iodine adsorption. However, a
small amount of polyiodide anions including Is~ and I3~
formed due to charge transfer between carbon fibers and
iodine molecules.

Baskaran et al.’*® reported on the formation of bismuth-
functionalized carbon foams (CF). The CF was produced by
carbonizing commercially available (and inexpensive) mela-
mine foam. The highly porous CF can be compressed but was
not friable and does not decompose until 550 °C (no combus-
tion). Bismuth was deposited onto the CF using electrodeposi-
tion. Physisorption of iodine on the CF was found to decrease
with increased metal loading. As mentioned above, intermedi-
ate physisorption could act as an iodine concentrator and lead
to enhanced chemisorption for metals, such as Bi, which have
slower reaction kinetics. Under realistic conditions in which
iodine concentrations are orders of magnitude lower than in
the saturated conditions used for initial testing, it could be
possible for chemisorption to dominate on the CFs, and to have
similar levels of physisorption as the zeolites.

(4

A A A

H m—
g

Fig. 13 The reaction of CHsl with DABCO showing (a) the initial forms of
each, (b) the intermediate bonding environment, and (c) the final form.*’®
This figure was reprinted with permission from Aneheim et al.'”® Copyright
2018 Elsevier.
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7. Sorbent functionalization

As mentioned in Fig. 1f, functionalization of the scaffold/
support is an effective concept in the development of high-
performance sorbents. Functionalization, in general, is the
process of modifying pore surfaces of a scaffold/substrate using
functional groups with the goal of enhancing sorption perfor-
mance. Tailoring surface chemistry increases the loading capa-
city and selectivity of the sorbent toward specific elements of
interest and improves uptake kinetics. A common method to
incorporate metal ions on different supports are through
organic tethers between the passive scaffold and the active getter.
For example, Matyas et al.>*** synthesized Ag-functionalized silica
aerogels in three steps: (1) the silica aerogel was functionalized
with propylthiol monolayer using (3-mercaptopropyl)trimeth-
oxysilane (3-MPTMS) under supercritical CO, conditions; (2) the
thiolated silica aerogel was then treated at room temperature with
a 3.94% AgNO; solution (5:1 deionized water to methanol, by
volume); and (3) silver nanoparticles were produced on porous
aerogel surfaces by reduction of silver thiolate adduct ions using
2.7%H, in Ar at 165 °C for 2 h. This method allowed control of the
size, distribution, and concentration of silver nanoparticles within
the final sorbent. In this case, the functional propylthiol mono-
layers acted as tethers to hold the Ag® nanoparticles in place.

Similarly, Riley et al.>" synthesized Ag-functionalized Na-Al-
Si-O and Al-Si-O aerogels by soaking the base aerogels in
aqueous AgNO; solutions as mentioned above in the Matyas
et al.*»* studies, followed by drying and Ag" reduction under
H,/Ar to form silver nanoparticles within the aerogel matrix.
Subsequent studies were performed using the same type of
material but produced in xerogel form instead of aerogel
form,?®* where the xerogels had more structural rigidity and
maintained higher SSA values during subsequent processing
steps after the base Na-Al-Si-O gel was produced. In both of
these studies by Riley et al.,>”** thiolation was performed to
assist in silver loading but also to add these thiol groups to the
surfaces. A description of the full process including thiolation,
silver loading, silver reduction, and iodine loading using sub-
strates thiolated with 3-MPTMS is depicted in Fig. 14.

Based on the work by Matyas et al.”® discussed above, X-ray
photoelectron spectroscopy analysis of thiolated Ag-function-
alized silica aerogels before and after exposure in iodine atmo-
sphere at 150 °C showed that the oxidation of these materials
tended to form more oxidized sulfur species [i.e., SO,>~ or $°7;
see eqn (14)] over the oxidation of Ag® to Ag* [see eqn (15)]. This
showed that adding this type of thiol functionalization layer not
only aided in the tethering of silver clusters to the silica aerogel
surfaces, but it also provided a redox buffer for the silver by
preventing the silver oxidation reaction and thereby increasing
the longevity of these sorbents at high temperatures consider-
ing that reduced forms of silver tend to react with iodine more

effectively than oxidized forms.>>?*
ST+ 2 0, — st0,>" (14)
4 Ag’ + Oy — 2 AZ,0 (15)
Mater. Adv, 2024, 5, 9515-9547 | 9533
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elements. Atoms are not drawn to scale. Reproduced from Riley et al.?®

Lee et al.'”® synthesized Ag-containing hydrophobic alumi-

nosilicate aerogels by ion exchange of Na* for Ag*. The prepared
Na'AlSi-OH gels were exposed to 0.5 M AgNO; at a fixed Ag: Na
molar ratio of 6.5 to match the Na content in Na; (5A1Si0,4 ¢35
and Na, 3Al;;Si04;. Produced Ag'AlSi-OH hydrogels were
washed with purified water and filtered to remove NaNOj, their
surface modified with silylating agents, and silver ions reduced
to silver nanoparticles during ambient pressure drying.

8. Sorbent loading

As mentioned in Fig. 1g, sorbent loading includes discussion of
the reaction thermodynamics and loading kinetics of iodide
formation within the sorbent as well as other key factors. The
saturation capacity (SC; see Table 1) for a sorbent to capture a
target analyte is defined as the total amount of that analyte that

9534 | Mater. Adv., 2024, 5, 9515-9547

and reprinted with permission. Copyright 2022 American Chemical Society.

can be loaded onto the sorbent. The units for this property can
vary depending on several factors but can include moles of
analyte per volume of total starting sorbent (mol m?), grams of
analyte loaded per gram of starting sorbent (g g ' or Q.), or
milligrams of analyte per gram of starting sorbent (mg g~ " or
ge) at equilibrium. The terms P, E, and DF for a sorbent
technology are defined in eqn (16) and (17) below where P
and E denote bed penetration (material getting through the
bed) and bed efficiency (what is captured by the bed), respec-
tively, and DF was previously defined.

P=1-E (16)

DF =1/(1 — E) = 1/P (17)

In the U.S., regulations”*"*®* require an overall plant DF of

~2000 for **°1, i.e., >3000 for the DOG, > 1000 for the vessel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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penetration vs. bed efficiency.

ventilation off-gas (VOG), > 1000 for the cell off-gas (COG), and
>1000 for the melter off-gas (MOG)."®* "% As an example, a DF
of 200 for a sorbent technology means that 99.5% of "*°I was
captured in the process where P and E denote the amount of a
species getting through the sorbent (remaining uncaptured)
and the amount captured on a mass fraction basis, respectively.
The relationships between P, E, and DF are also shown graphi-
cally in Fig. 15.

While these relationships between P, E, and DF are valid,
theoretically, a bed that is at least as deep as the mass transfer
zone would have (essentially) infinite DF and 100% capture
of the target analyte. Experimentally, this has been impossible
to demonstrate because of limited detection limits of the
measurement techniques for iodine species.®” So, it seems
impossible to use P, E, and/or DF as metrics for a sorbent,
because in a properly designed system, every sorbent should
perform the same achieving infinite DF even though that
cannot be measured. What would differentiate sorbents are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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other parameters also addressed in this paper. While the
capacity described above applies for determining loading for
chemisorption-based sorbents, it does not apply as well to
physisorption-based sorbents. For physisorption-based sor-
bents, the capacity depends on the concentration of the sorbate
in the gas stream, according to its isotherm under the operating
conditions.

9. Waste form options

As mentioned in Fig. 1h, the entire sorbent process is con-
cluded by the final fate of the loaded sorbent (or final form of
the MLO, compound), ie., the waste form for long-term
disposal. This section discusses general considerations (Section
9.1) that have to be made when preparing a loaded sorbent for
disposal as well as direct consolidation of loaded materials
(Section 9.2) and pretreatment followed by consolidation into
waste forms (Section 9.3).

9.1. General discussion

Two of the properties that make sorbents effective to maximize
gas-solid reactions, i.e., high porosity and SSA, become liabil-
ities when disposing the material where minimizing porosity
reduces the rate of dissolution of equivalent sample mass. This
means that some type of process is recommended between the
loading step and the disposal step to reduce overall sorbent
volume but also reduce the SSA available for leaching. In
addition, these sorbents typically do not have suitable mechan-
ical properties for long-term surface storage and transport.
Therefore, a conversion process is required to produce a dur-
able waste form that can satisfy both mechanical and the long-
term durability requirements. Conceptually, this can be broken
down into two approaches. The first approach is about mini-
mizing any post-capture treatment prior to waste form conver-
sion. In the second approach, the iodine can be separated from
the capture material and processed into a waste form that
better incorporates the iodine into the structure either increas-
ing overall chemical durability or enabling a greater amount of
iodine to be immobilized. Results thus far show that the latter
approach enables disposal options that are more chemically
durable and mechanically stable,"*” but this is at the expense of
increased process complexity. Relative to the conversion of Agl-
based sorbents into waste forms, which have been substantially
reviewed elsewhere,*>*®'%8 there are fewer examples of alter-
native metal (non-Ag) sorbents being converted. Thus, an
emphasis on alternative waste forms is presented within this
section.

The simplest waste form approach is to directly dispose
the MI, compound.'® Conceptually, this is the simplest
iodine waste form, but the majority of iodine capture concepts
would require the MI, compound to be recovered from the
sorbent after loading. Additional processes can be used to
increase the density of the material and reduce porosity, such
as hot isostatic pressing (HIP) or spark plasma sintering
(SPS).>4 138190191 Meta] jodides (Cul, Pbl,, Hgl,) and iodates
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have been considered for direct disposal, taking into account
solubility, hydrolysis, redox stability, radiation stability,
and anion exchange reactions.'®>'%* Similar to Agl, these data
strongly suggested that the direct disposal of these materials
will result in an unstable material within typical reducing deep
geological disposal scenarios. Of the materials compared,
Agl remains one of the more stable iodides alongside Cul
and a mixture of bismuth oxyiodide (Bil,0,) and bismuth oxide
(BisO,1 + BiyOs, see Section 4.3, Other considerations, for
additional discussion on Bil, O, compounds). This combination
is being used because the Bi,O; suppresses the hydrolysis of
the oxyiodide. The susceptibility of bismuth oxyiodide to attack
from carbonate and chloride ions, both being potential ground-
water components, is an additional challenge. The authors
noted that, in general, the preferred disposal conditions for
the metal iodides would be in cool, nonreducing, and low
dissolved salt conditions. This is why many studies have focused
on methods to either surround the metal iodide within a more
durable matrix or to incorporate the iodine into a more stable
structure (see Section 9.2 below). To aid the comparison, Table 5
shows selected physical properties of relevant metal iodides.

In a rare example of MI, consolidation, HIP has been used to
reduce the porosity in Cul by applying 100 MPa for 2 h at either
200 °C or 550 °C.>* At the 550 °C processing temperature, the
resulting Cul achieved 83% of the theoretical density. During
chemical durability studies, the resultant Cul is relatively stable
in near neutral conditions but remains susceptible to reducing
conditions, which releases iodine into solution more rapidly.
An additional study by Oshiro et al.’*® was done looking at
consolidation of pure Agl, Bil;, BiOI, Cul, and Snl, reagents
with SPS followed by ASTM C1308>'" leaching studies. The
results showed that the Agl and Cul had superior chemical
durability to the others, BiOI performed well, and Bil; and Snl,
performed poorly. It is surprising that there have not been
other reports on consolidating simple metal iodides to reach
theoretical density. This would enable a fundamental study of
the chemical durability of pure, dense MI, phases, which has
yet to be carried out for most MI, compounds. Other reviews of
iodine materials exist that provide greater details on material
durability’®” and provide examples of iodine waste forms,®*°88
but the focus here is on highlighting the non-Ag based examples
where materials have been consolidated into a waste form.
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Whilst reducing conditions have been shown to accelerate
dissolution of iodine, evidence exists that formation of the
metallic Ag° may occur as a result of Fe(u) reduction thereby
passivating dissolution.>'**'* The degree to which this mecha-
nism slows dissolution has yet to be explored in detail and is
often not observed in most reductive dissolution tests. This
may be due to the nature of those tests, which are not carried
out on long enough time scales.

9.2.
form

Direct consolidation of capture materials into a waste

The principle of direct consolidation is to convert the iodine-
loaded sorbent into a waste form in as few steps as possible.
Iodine is not separated from the sorbent during direct con-
solidation; instead, both the capture material and iodine are
processed together in situ. Because of the prevalence of Ag-
based capture materials, there has been comparatively few
examples of alternative metals being directly consolidated into
a waste form. Examples are provided below for different sample
matrices.

9.2.1. Glass. Glass as a waste form has been a long-
standing candidate for nuclear wastes due to its refractory
nature.®>'*®*'* However, the typical high temperature (>1000 °C)
vitrification conditions that are required for good durability are
at odds with thermodynamic stability of the iodine compounds
being processed. In recent years, a significant amount of work
has been dedicated to developing low-temperature glasses to
avoid iodine release during the vitrification process, e.g., Bi,O3—
S$i0,~Zn0.>'* Alternatively, a technique such as HIP can be used
to retain volatiles during treatment. In most cases, low-
temperature glass formulations have been developed to be
compatible with Agl based systems rather than explicitly for
other metal iodides. A rare example of a non-Agl system
involves a BiPbO,NO; capture column that reacts with iodine
to yield BiPbO,I, which is soluble in a lead-borate glass (65PbO-
30B,0;-5Zn0).>"**'® Whilst loadings in the glass are currently
low (< 2% I), a stable waste form can be created. The iodine was
bound to Pb, which was coordinated to 4 borate moieties.

9.2.2. Low-temperature hydrating/polymerizing materials.
The use of cementitious materials that can be made at low
temperatures that can be used to encapsulate iodine-loaded
sorbents is an attractive driver because of the ease of synthesis

Table 5 Selected physical properties of metal iodides including the solubility product constant (K,,) at 25 °C, the melting temperature (T,,), the Gibbs

free energy of formation (AG¢°), the metal standard reduction potential
January 2024

(Eo) 193,194

and the cost of the base metal in U.S. dollars (S, USD) per kg as of

Metal iodide (ML) Metal (M)

MI, Kep (25 °C) To (°C) AGe (K)) M W) Cost ($ kg™ Ref(s).

Agl 8.3 x 107 559 —66 Ag 0.800 772 192,195-197
Bil, 8.1 x 107*° 409 —149 Bi 0.308 $9 192,195,198,199
Cul 1.1 x 1072 588 —70 Cu 0.518 $8 192,195,200,201
Hgl, 2.0 x 107, 1.1 x 1072 250 —52 Hg 0.852 $9 192,195,202,203
Pbl, 7.1 x107° 407 —174 Pb —0.126 $2 192,195,196,204
PdI, 2.5 x 1072 350 —63 Pd 0.915 $30700 205-207

TII 6.5 x 1078 440 —125 Tl —0.336 $7400 192,195,208,209
Nal 1.84 x 10? 661 —286 Na —2.714 $9 196,210
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and lower energy requirements. However, iodine-containing
wastes have complex speciation within these materials and do
not appear to have substantial durability relative to other waste
form concepts.?!” It appears that iodide has limited interaction
with the cement matrix, whereas iodate can bind to the cement
matrix via its outer oxygen atoms.>'®>'® This is proportional to
the Ca:Si ratio within the waste form.**° The result is that
iodine is very mobile within the pore water of the waste form
and is controlled by the solubility of the metal iodide/iodate.
The vast majority of work relates to the incorporation of Agl,
but there are two examples of alternatives being encapsulated
in cement, ie., zeolite containing Ba(IO;), and Pbl,.° The
results showed a limited effect of the cement to retain the
iodine, consistent with AgI work. It is unlikely that the use of
different MI, compounds will result in improved waste perfor-
mances relative to Ag-based systems.

9.2.3. Conversion of alumina, silica, zeolite materials
into waste forms. The majority of examples where a porous
alumina/silica or zeolite are converted into a waste form by
HIP/SPS are Agl based.!3%143:148:2217224 1 principle, equivalent
materials where alternative metal iodides are possible, but
few reports of these exist. One account of a Na-zeolite has
been shown to be converted into a sodalite by interzeolite
conversion.”*® The Si:Al ratio in the starting zeolite was key
to enabling maximum formation of sodalite whilst avoiding the
formation of nepheline and amorphous phases. The closer it
was to 1, the fewer unwanted phases were observed. A compro-
mise between capture and waste form performance was estab-
lished with Na-based capture materials leading to waste forms
with fewer phases whilst sacrificing iodine capture perfor-
mance (Na-X: 120 mg g~ ') relative to Ag (Ag-X: 250 mg g ).
Additionally, in a study by Chong et al,>*® HIP was used to
immobilize iodosodalite [Nag(AlSiO,)el,] using different glass
binders, which showed notably different chemical durabilities.

9.2.4. Sodalite. Most reported sodalite examples involve
starting from Nal, and therefore are not examples of direct
consolidation. However, there is an example of converting
iodine within spent caustic scrubbing solutions into soda-
lite containing NaOH, NaCl, NaBr, Nal, Na,CO;, NaNOj3, and
NaNO,.*2”?28 The caustic scrubber solution was combined with
kaolinite and additional NaOH and heated to 90-150 °C. The
best conditions to yield sodalite were when the NaOH/kaolinite
ratio was 2 : 1, the temperature was 150 °C, and the mixture was
stirred in an autoclave. This yielded 91.3% sodalite, 1.3%
cancrinite, 0.4% kaolinite, and 12.7% amorphous phases (by
mass). In general, the lower the fraction of the non-sodalite
phases, the more durable the sodalite waste form becomes.?*’

9.2.5. Lead vanadate. Similarly to sodalites, there are many
reports of iodoapatite-based waste forms,"*"****** but they
can require extraction of the iodide from the capture material,
followed by speciation conversion prior to waste form fabrication.
However, a lead-vanadate sorbent, i.e., PbS + Pb3(VO,);.6(PO4)o.4,
has enabled the direct conversion of the capture material into an
iodoapatite-based conditioning matrix [i.e., Pb;o(VO4)4.5(PO4)1.2L]
using SPS at 40 MPa and 500 °C.%® The reaction with I, occurred at
60 °C over the course of 16 h. The resultant material after SPS was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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98.1 + 1.2% of the theoretical density. This approach is an
example of waste forms informing capture material design.

9.3. Pretreatment followed by consolidation into a waste form

Pretreatment involves the use of multiple chemical steps to
convert the iodide into a suitable disposal form. It may include
extraction of the iodine from the capture sorbent followed by
further treatment to exchange cations or a next step. The main
reasons for using a more involved processing step here would
be to maximize waste incorporation and to create materials
with higher durability, but an added opportunity is the recycle
of the primary sorbent, which was discussed previous in Sec-
tion 3.2 (Sorbent performance). The main drawback of a pre-
treatment step is the extra industrial processing required
between capture and waste form conversion, which leads to
additional costs. However, if this can have a benefit with
respect to the disposal case, then the extra effort involved
may be justified. A summary of reported waste forms that
involve non-Agl-based iodine species is provided in Table 6.

9.3.1. Ceramic composites. Ceramic composites combine
multiple ceramic phases into one waste form. An example of
this for iodine the case of a zeolite-hydroxyapatite-fluoro-
hydroxyapatite material.>** A Na-zeolite A was ion-exchanged
with Ca" ions before being loaded with I,. Then, the surface of
the material was coated with a thin layer of hydroxyapatite by
immersing the zeolite in an ammonium phosphate solution at
pH 9.5 at 80 °C. Finally, the coated zeolite was combined with a
spherical powder of hydroxyfluoroapatite and sintered whilst
being uniaxially pressed. One of the most significant effects of
the coating was that it substantially increased the temperature
at which iodine was released from the zeolite under heating
from 127 °C to 923 °C. This also provided evidence that the
iodine still existed as I,. Thus, the material could withstand
the sintering temperatures without the release of iodine
(99% retention at 950 °C). The coating effectively blocked the
porosity of the zeolite, preventing iodine release and allowing
for a high temperature process to create the waste form. The
apatite matrix then provided the durability, similarly to the
glass encapsulant phase in a glass ceramic or glass composite
material*'* or the metal encapsulant phase in a ceramic-metal
(cermet) composite.’®>*

9.3.2. Iodosodalites. Iodosodalite [e.g., Nag(AlSiO,4)el,] has
been shown to be an extremely attractive waste form for iodine
because of its chemical durability. The ideal case is to maximize
the fraction of crystalline sodalite, minimize amorphous
phases, and minimize porosity in the final form (i.e., through
hot pressing) as this leads to the lowest leach rates. It is also
important to avoid the decomposition of sodalite into nephe-
line [ie., (Na,K)AlISiO,4] phases, which can occur if the proces-
sing temperatures are too high. A recent paper provides a great
example of taking a loaded capture material, recovering the
iodine, and converting the iodine into a waste form."'* A silver-
exchanged mordenite loaded with iodine was reacted with Na,S
producing Nal(,q) in solution and Ag,Ss). Iodosodalite was then
produced by a hydrothermal method after an evaporation
step, which increased the concentration of Nal in solution.

Mater. Adv., 2024, 5, 9515-9547 | 9537
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Table 6 Waste form options reported as a function of initial iodine species (excluding Agl)

Starting speciation Waste form speciation Ref(s)
Nal Sodalite, cancrinite, glass 114

CslI + Bil; Cs;3Bi, I, (perovskite) 233
Cul Cul 54
BiPbO,I BiPbO,I + lead-boron-zinc glass matrix 216
KIO3/NH,4IO;, Cal, Apatite: calcium phosphate 234
Pbl,/Nal Apatite: lead vanadate 109,190,235-239
105~ Apatite: calcium phosphate, A,NalO, Perovskite (A = Ba, Sr, Ca) 240

1, Mnl, Iodoboracite 241,242
Csl Synroc-C 243
Cal,/Nal Ceramic composite (zeolite, hydroxyapatite, and fluorohydroxyapatite) 244

In summary, the steps included: (1) crushing the material
(optional), (2) iodine recovery at 90 °C [see eqn (18)], (3)
evaporation of the solution at 88 °C, and (4) iodosodalite
formation under hydrothermal conditions at 180 °C for 7 days
in an autoclave [see eqn (19)]. The resulting insoluble product
from this process [i.e., Ag,S(s)] is also known to capture I).'*

(18)

3 Alei207(5) +6 NaOH(aq) + 2 NaI(aq) (180 °C for 7 days)
- NaS(AISiO4)GIZ(S) + 3 H,O (19)

2 Agl(s) + NaZS(aq) - AgZS(S) + 2 Nalaq)

A reaction of the resultant solutions, which contained both
Nal and Ag,S with NaOH and Al,Si,O, yielded sodalite, Nal,
and some unknown phases. This example shows the practical
challenges involved with recovering iodine from a capture
material and converting it into a useful speciation that can be
consolidated into a stable waste form. Due to impurities in the
starting solution, the resulting waste form product was as pure
as possible when starting from an idealized solution, as is often
reported.

9.3.3. Apatites (lead vanadates). The synthesis of vana-
dates, e.g., Pb;o(VO,)s_x(PO4):ls, is best achieved when the
iodine is in the form of Nal or PbI,. Attempts have been made
to synthesize vanadate waste forms with Agl and Pdl,, but these
were both unsuccessful.”*>**® A number of synthesis routes
have been reported to form lead vanadate materials, including
reactive sintering,”*’">*° SPS,"*%'*' microwave sintering,>*®
mechanochemical processing,>” and high-energy ball milling.>*®
The mechanism of iodine leaching has been substantially
studied, showing a significant degree of sensitivity to the
disposal conditions. The waste form is most durable under
near-neutral pH conditions.

9.3.4. Apatites (calcium phosphates). Iodine in the form of
iodates (e.g., KIO;, NalO3;, NH,I0;) have been reported precur-
sors to the formation of iodate-substituted hydroxyapatites
[Ca10(PO4)s(105)x(OH,),_,]. In a study by Hassaan et al,>**
apatite formation was achieved by reacting the iodate with
Ca(NO3;), and NH,H,PO, through wet precipitation. Following
this, techniques such as SPS and cold sintering have been used
to consolidate the material into a densified form, which can
achieve up to 96.8% of the theoretical density. The main
challenge to resolve for these materials is how best to integrate
the synthesis with the capture concepts where iodine is typi-
cally formed as an iodide.

9538 | Mater. Adv, 2024, 5, 9515-9547

9.3.5. Perovskites. Interest in perovskites as a target mate-
rial for iodine-containing wastes is a recent development.
Perovskites of the form A,MIOq (A = Ba, Sr, Ca; M = I, Na, K,
Ag) require that iodine be present as I0;~ prior to formation.>*°
Defect perovskites have also been produced, such as Cs,Snlg
and Cs;Bi,lo.>** In the example of Cs;Bi,l, silica was used to
reduce surface area and increase durability by encapsulating
the more soluble Cs;Bi,l, phase. Overall, this allowed for a high
loading of iodine within the composite waste form of 40
mass%. A core-shell type waste form was also created where
a solidified pellet of Cs;Bi,ls was encapsulated by a layer of
SiO,. Whilst the iodine loading was lower than the composite,
the leach performance was improved, at least within the time-
scale of the experiment.

9.3.6. Glasses. Typical borosilicate glasses are not particu-
larly suited for iodine wastes because of the relatively low
solubility of iodine (< 2.4 mass%)>° and the volatilization
(low retention) of iodine at vitrification temperatures.**" A lot of
the development of glass waste forms has focused on reducing
the glass-forming temperature such that iodine volatilization is
minimized. Whilst there has been work incorporating Agl into
silver phosphate glass,>** lead-borate glass,” and silver tell-
urite glasses,?**°° far fewer examples of other metal iodides in
glass have been reported.

9.3.7. Glass ceramics and glass-composite materials. Glass
ceramics are multi-phase materials containing a crystalline
phase and an amorphous glass phase. Iodine is typically found
in the crystalline phase, but durability comes from the amor-
phous glass phase encapsulating the crystalline inclusions. In
contrast, the durability in glass composite materials is limited
by the iodine-containing crystalline phase(s). The glass in the
glass composite reduces surface area in the waste form, thereby
reducing overall leaching rates. All the work thus far has been
focused on Agl-based disposal, but in principle, there is no
reason that alternative MI, compounds should not be explored.

9.3.8. Titanate ceramics. Iodine has been shown to be
retained in Synroc-C, a material that can potentially be used
for high-level waste (HLW) disposal. The major phases, by
mass, for a Synroc C waste form include zirconolite (~27%,
CaZrTi,0;), perovskite (~27%, CaTiOj;), hollandite (~27%,
BaAl,TigO;¢), and rutile (10%).>** The remaining 5-10 mass%
consists of aluminates and Ti;Os;. Whilst a lot of the HLW
fission products are included within the major phases, iodine is
poorly incorporated. Instead, it appears that Agl, Crl, or PdI,

249
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might form, although the exact speciation has not been con-
firmed. In the absence of these species within the initial
simulant, iodide retention appears to be poor (<0.05 mass%).
In this instance, iodine was simulated within HLW as CsI. This
example shows difficulties of immobilizing iodine in a more
general waste form, where there is a compromise between
processing ease and the durability of the iodine phase.

9.3.9. Iodoboracites. While no recent work developing
iodoboracite (M3B,043I, M = Mn, Fe, Co, Ni, Cd) specifically
to target an iodine waste form has been reported, these
materials can have iodine loadings of between 17-26 mass%.
A variety of synthetic methods have been used to produce these
materials. Most recently, a metal oxide and B,O; was reacted
with an excess of B and I, at 450 °C for 3 days. After the
reaction, the excess B and I, were removed by washing with
ethanol.>*' A more challenging synthesis involved MnO, Mnl,,
B,0;, and H,O by a transport reaction in a sealed quartz
ampoule at ~927 °C.>** Simpler synthetic methods are needed
for iodoboracite to become a practical alternative to other
potential waste forms discussed above.

9.4. Wrap-up

The reason for investigating alternatives to disposal of Agl
in waste forms is predicated on avoiding the disposal of an
expensive and environmentally controlled metal. However,
most alternatives suffer from a lack of thermodynamic stability
in disposal environments and/or can also have similar toxicity
drawbacks. Within the literature, two broad approaches to
iodine waste forms research have been documented that
include incorporation of the iodine into the waste form crystal
structure (e.g., in sodalites, apatites, or perovskites) or where a
MI, compound is encapsulated by a durable matrix (e.g., glass
composite materials, cermet composites). Only a few reported
examples exist of directly converting a non-Agl based capture
material and producing a waste form including Bil;, BiOI, Cul,
and Snl, (see Section 9.1, General discussion)."** With increas-
ing interest in Bi-based capture materials,”®°%%"12%%%7 jt ig
important that these materials are developed with considera-
tion of the final waste form. Also, it will be important to
compare new waste forms to equivalent Ag-based waste forms
when using the direct disposal methods. The study of iodine
waste form durability has been inconsistent across the many
options. This has made it challenging to compare the merits of
different materials on a fair basis. Thus, one critical area where
more work is needed is to find better methods for comparing
different waste form technologies. It is still unclear which
approach is optimal and thus research to look at both simpli-
fied waste form conversion and more involved post-capture
pretreatment processes are important to provide a broader set
of pathways for iodine disposal.

A detailed review of durability is beyond the scope of this
paper as it has been discussed in a recent review,"*” but there
are some important discussion points to consider when selecting
a waste form. Standardized tests available to experimentalists
often do not provide a good overview of material performance.
The majority of work has been carried out at pH 7, but the stability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of a particular waste form is often highly sensitive to pH and the
redox chemistry of the system."®” Thus, to be confident in the
long-term durability of a waste form, a broader understanding of
the mechanism is required and is currently being assessed as part
of a multi-laboratory effort in the U.S. (Pacific Northwest National
Laboratory and Argonne National Laboratory) on a variety of
different iodine waste forms.”**>°" Examples of detailed studies
include those on vanadate waste forms, where substantial work
has been carried out to determine the different processes that
affect leaching behaviors.”®* Another example where detailed
mechanistic studies have been carried out is in cementitious
materials.'>?**>?*® The more future studies follow this approach,
the easier it will be to evaluate the strengths and weaknesses of
different options in head-to-head comparisons.***¢*

10. Summary, conclusions, and
recommendations

In summary, a variety of different selection criteria and features
must be considered when designing new sorbent materials,
which were highlighted in Fig. 1 with more detail provided in
Table 1. These include the target analyte in the off-gas environ-
ment (Fig. 1a), general sorbent requirements (Fig. 1b), getter
selection (Fig. 1c), scaffold selection (Fig. 1d), getter addition
(the process by which the getter is added to the scaffold,
Fig. 1e), sorbent functionalization (Fig. 1f), sorbent loading
(Fig. 1g), and the final waste form (Fig. 1h). The overall list of
sorbent requirements is extensive and includes a range of
thermal, mechanical, structural, chemical, radiation stability,
thermodynamic, and general (e.g., cost, availability) properties
of the base material and the loaded material. In most cases,
based on several inherent properties, many candidate materials
could be removed from the pool of “easy options” for immedi-
ate industrial-scale deployment due to high costs (e.g., precious
metals), low commercial availabilities (e.g., aerogels, xerogels),
and high environmental toxicities (e.g., those containing RCRA
metals and/or low chemical durabilities).

The most promising getter metal based on many decades of
literature is Ag, where reduced silver (Ag®) appears to out-
perform Ag' when present in the same base sorbent. The main
issues with using silver are that disposal of Ag-containing
materials in the U.S. is controlled by the EPA under RCRA
(40 CFR 261)""° and the cost is high compared to most other
(non-precious) metals. Thus, alternative technologies are
sought after to replace them. Promising chemisorption-based
candidate sorbents include Bi and Cu.

When Bi%Bi’*" reacts with iodine, it can form Bil; or BiO,I,
compounds; additionally, Bil; can decompose to form BiO,l,
compounds during loading experiments or after exposure at
elevated temperatures in oxygen-containing atmospheres
through I, evolution. This complication might make imple-
mentation of a bismuth-containing sorbent difficult for captur-
ing all available iodine without later desorbing some of it.
Evidence also shows that additives (e.g., Bi,O;) and addi-
tional processing steps might be required to fully stabilize
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iodine-loaded Bi-based sorbents thereby lowering the overall
iodine loading in the final form.

Copper shows promise as a replacement for Ag where Cul
has similar thermal stability and chemical durability to Agl.
Copper is much cheaper and more environmentally friendly
than Ag, and it can be incorporated into a variety of porous
scaffolds similarly to Ag. However, Cu tends to oxidize more
readily than Ag being that Cu is less noble of a metal than Ag.
Thus, while Ag-based materials show extreme promise, it is
possible that utilizing these other metals (e.g., Bi, Cu), while
having some shortfalls, might prove easier, cheaper, and more
effective in the long run when considering the full life cycle of
the sorbent from synthesis (preparation) to disposal.

Many iodine waste form options have been considered for
long-term radioiodine disposal over the past several decades.
The candidates can loosely be binned into either (1) direct
consolidation of capture materials into a waste form or (2)
pretreatment of the loaded material followed by consolidation
into a waste form. For the first category, the options documen-
ted here include the following: glass; low-temperature hydrat-
ing/polymerizing materials; conversion of alumina, silica, and/
or zeolite materials; sodalite; and apatite. For the second
category, the options discussed here included the following:
ceramic composites; iodosodalite; apatite (i.e., lead vanadate
and calcium phosphate); perovskites; glass, glass ceramics and
glass composite materials; titanate ceramics; and iodoboracite.
The ranges of iodine loadings, chemical durabilities, fabrica-
tion difficulties, mechanical properties, and thermal properties
of these different options vary extensively.

When designing a sorbent, the cradle-to-grave processes
need to be considered holistically. The purpose of this paper
is to guide researchers towards a more comprehensive checklist
of applicable and critical criteria to consider when developing
new iodine sorbent materials and iodine waste forms as well as
advancing the TRL of existing materials.
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