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Abstract

Abstract lodine-129 poses a significant challenge in the drive towards lowering radionuclide emissions from used nuclear
fuel recycling operations. Various techniques are employed for capture of gaseous iodine species, but it is also present,
mainly as iodide anions, in problematic residual aqueous wastestreams, which have stimulated research interest in
technologies for adsorption and retention of the radioiodine. This removal effort requires specialised adsorbents, which
use soft metals to create selectivity in the challenging chemical conditions. A review of the literature, at laboratory scale,
reveals a number of organic, inorganic and hybrid adsorbent matrices have been investigated for this purpose. They are
functionalised principally by Ag metal, but also Bi, Cu and Pb, using numerous synthetic strategies. The iodide capacity
of the adsorbents varies from 13 to 430 mg g~', with ion-exchange resins and titanates displaying the highest maximum
uptakes. Kinetics of adsorption are often slow, requiring several days to reach equilibrium, although some ligated metal
ion and metal nanoparticle systems can equilibrate in < 1 h. Ag-loaded materials generally exhibit superior selectivity for
iodide verses other common anions, but more consideration is required of how these materials would function success-
fully in industrial operation; specifically their performance in dynamic column experiments and stability of the bound
radioiodine in the conversion to final wasteform and subsequent geological storage.

Article highlights

o Metallated adsorbents for the capture and retention of radioiodine in the nuclear industry are assessed.

e The strengths and weaknesses of organic, inorganic and hybrid support matrices and loading mechanisms are dis-
cussed.

e Pathways for progression of this technology are proposed.
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1 Introduction
1.1 Radioiodine in recycling used nuclear fuel

The role of nuclear technology, in reducing carbon emis-
sions, is growing ever more important, with global power
output of the industry projected to increase by 55% before
2040 [1]. There is an international drive to increase recy-
cling of used nuclear fuel (UNF), to access the energy
potential of the remaining uranium-235 and pluto-
nium-239 [2]. At the same time, the industrial release of
chemical species into the environment, particularly radio-
nuclides, is coming under unprecedented scrutiny. A 2018
Nuclear Energy Agency (NEA) report stated a target for
“Near Zero" future radionuclide discharges from advanced
recycle processes to meet future waste management and
environmental impact requirements [3].

There are a number of challenging volatile (tritium,
carbon-14, krypton-85) and semi-volatile (technicium-99,
ruthenium-106, cesium-137) species among the fission
products of U-235. Pre-eminent though, are four iso-
topes of iodine, of which iodine-129 and iodine-131 are
the species of greatest concern, due to their potential
for environmental damage and toxicity to humans and
other organisms [4, 5]. I-131 radiation is highly ionising,
but this isotope has a short half-life of 8.02 days and thus,
the main associated threat is environmental release in the
event of nuclear accident. By the time UNF enters recy-
cling (typically > 5 years after leaving a reactor), I-131 is no
longer a significant hazard. In contrast, the I-129 half-life
is 15.7 million years and it is essential that strategies are
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implemented for effective management of iodine-bearing
waste-streams. Considering the aerial radionuclide dis-
charges from the UK’s most recent recycle plant, Thorp [6],
I-129 represented ~ 75% of the total calculated absorbed
dose from aerial release.

Within the overall challenge of the abatement of radi-
oiodine during used nuclear fuel (UNF) recycling, aque-
ous removal is particularly noteworthy. Dissolution of UNF
in nitric acid (3 M, E;, = 1 V/NHE) typically causes 94-99%
of the total iodine species present to volatilise and enter
the dissolver off-gas stream [7]. This fraction is captured
either by wet caustic scrubbing or adsorption on to a solid
phase [8]. Gaseous iodine absorption has been extensively
researched for decades and is the subject of a number of
excellent review articles [7, 9, 10]. Although there remains
potential for progression and development in terms of
optimisation of adsorbent materials, there are a number of
systems in full-scale operational use (at least 11 known) [7].

In contrast, there is currently no effective method for
the adsorption of iodine from the aqueous phases of
nuclear wastestreams. The iodine speciation immediately
downstream of the dissolver is very complicated and
includes I, 1,, HIO, 105~ and colloidal species formed by
complexation with fission products [11]. This, along with
the concentrated HNO; conditions makes direct iodine
removal by adsorption unlikely. Nonetheless, in a typical
UNF recycle plant (Fig. 1), the dissolver raffinate travels
through a number of separation processes and tanks,
with further sequential release of iodine into the off-gas
systems [12], meaning there is potential for an aqueous
iodine-removal step at numerous stages of unit operations
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Fig. 1 Generalised schematic
of -129 partitioning in a
nuclear fuel recycling system
(adapted from [7, 8])

Solid waste «————

Solid waste

—— Solid stream

for treatment of the various off-gas condensates. These
aqueous streams encompass a wide range of conditions,
but generally feature very high dissolved salt content
and variable acidity, from 1 M HNO; [13] to spent caustic
scrubbing liquor (pH ~ 14) [14] and even more basic low-
activity wastewater (2.43 M OH") [15]. However, the crux
of the issue is that there is no existing process to convert
the aqueous iodine scrubbed from off-gas streams into an
inert final wasteform. The combination of the labile oxida-
tion state of iodine and reducing conditions encountered
in geological disposal tend to enable reductive dissolu-
tion and anion-exchange mechanisms, promoting leach-
ing [16, 17]. Because of these challenges, current practice
follows a “dilute and disperse” approach, releasing this
fraction (after neutralisation) into the ocean [18]. This is
done within allowed limits for environmental release and
is currently the best available technology (BAT) for “Near
Zero" discharge. A“concentrate and contain” strategy may
represent a pathway towards lower emissions, but requires
both an efficient adsorbent and a feasible wasteform con-
version process to be pursued.

1.2 The challenges of aqueous iodine adsorption
in the nuclear industry

Although the target iodine species in aqueous waste-
streams are generally anionic, the aim of selective

Acidic scrubbing
Caustic scrubbing
* Adsorption

Wasteform:
conversion

* Discharge
to ocean

!

Solid waste

——— Aqueous stream

* lodine presence

* Major iodine
presence

remediation via conventional adsorption means is difficult.
Whilst an anion-exchange mechanism appears to be the
most plausible means of removal, some aqueous liquors
within a UNF recycling plant can contain up to 400 g L™
dissolved solids, in the form of nitrate, nitrite and carbon-
ate [14]. Another major source of competition would be
the chelating oxo-anion molybdate, which is the dominant
Mo species at pH> 7 [19]. Other common anions present at
concentrations exceeding those of iodine species are fluo-
ride, chloride and sulfate [14, 20]. Regardless of where an
iodine removal step is placed with respect to unit opera-
tions, there will always be significant co-anions present,
which can interfere with the extraction. It must also be
considered that many of the aqueous streams, from which
iodine removal could be attempted, feature extreme pHs
[21]. Even mildly acidic conditions change iodine specia-
tion from predominantly iodide to more hydrophobic spe-
cies, while a high pH entails high concentrations of hydrox-
ide and possibly carbonate anions [22], which can severely
limit the exchange of anions on to the solid phase, due to
competition for binding sites [23-25].

The“go to” technology for a dynamic industrial adsorp-
tion process is an ion-exchange (IX) resin column. IX is used
widely for water treatment within the nuclear industry [26,
27]. However, the harsh operational conditions already
detailed preclude the use of conventional IX technology
[23]. The competition from the many coexisting anionic

SN Applied Sciences

A SPRINGER NATURE journal



Review Paper SN Applied Sciences

(2021) 3:843

| https://doi.org/10.1007/s42452-021-04818-8

species would cause low loading efficiency, which directly
impacts the size of column required and operating lifes-
pan. Furthermore, within this remit, the binding of iodine
would be preferably close to irreversible, to ensure its
retention in the final wasteform taken by the spent adsor-
bent. This would for example, likely involve being resistant
to significant changes in pH and reducing conditions after
the adsorption is completed [16]. Classical IX processes, by
their very nature, are reversible and ions intended to be
desorbed on exposure to concentrated salt solutions and/
or pH changes to allow resins to be regenerated for many
cycles of use. There is furthermore a fundamental dispar-
ity between the organic matrix of the adsorbent and the
target adsorbate. This is because it has historically been
shown that the most effective chemistry for radioiodine
immobilisation and retention is conversion to a stable
iodide salt [7, 15, 28]. Yet, the hydrophobic nature of the
resin matrix promotes interactions with more hydrophobic
iodine species [23, 29]. This complicates control of spe-
ciation in the adsorbent and the final wasteform stabil-
ity. A further critical problem is the potential for radiolytic
breakdown of the organic material and remobilisation of
the iodine from the final wasteform. Although the styrene/
divinylbenzene resin beads are radiolytically robust, this is
still a concern for containment of a long-lived radionuclide
such as |-129; particularly since anion-exchange resins are
less resistant than cation-exchange [30].

The compatibility of IX resins with both the capture and
wasteform ends of the intended process are discussed fur-
ther in due course.

1.3 “Hard-soft-acid-base” (HSAB) concept

One way of achieving selectivity and strong binding for
anion uptake is the use of metal-bearing adsorbents,
which function according to hard-soft-acid-base (HSAB)
theory. This states that smaller, strongly-polarising “hard”
Lewis acids (metal ions) preferentially interact with smaller,
less-polarisable “hard” Lewis bases (and visa-versa for “soft”
metals and bases). Most metal ions are multivalent and
capable of interacting and binding with multiple different
species simultaneously, to form complexes via coordinate
bonds. Essentially, this is due to proximal energy levels and
thus favourable overlap of electron orbital shells. However,
the theory can also apply to purely ionic interactions (for-
mation of insoluble salts). The strength of interaction can
be approximately measured by the magnitude of stability
constants for the resulting complexes and sometimes, but
not always, solubility product (Ksp) values for the relevant
salts. Similarly to common ion-exchange mechanisms, a
Lewis base with high affinity for a metal ion will displace
an existing lower affinity species in the form of either a
ligand-exchange reaction or salt formation. A brief sum-
mary of common hard, soft and borderline metals and
ligands is shown in Table 1. Note the classification of iodide
and iodate as soft bases.

The potential superiority of the HSAB strategy for selec-
tive iodide removal from solution, over conventional IX is
shown in Fig. 2.

Key considerations are not only the strength of inter-
action between metal and anion, but also that between
metal and bulk solid-phase. If the second parameter is not

Table1 Common metals and

Classification
ligands classified according to

Acid (metal ion)

Base (anion/ligand)

HSAB theory Hard

Borderline
Soft

Na™, K*, Mgz*, Ca2+, Mn2+, Fe3+, AR+

Fe2+ C02+ Ni2+ Cu2+ Zn2+
Cu*, Pb?*, Cd?*, Hg?*, Ag™, Au*, Sn?*

H,0, ROH, CO5%7, NO;~, NH,, F~,
Cl-, 50,2, PO,

Pyridine, Br~, NO,™, SO;%~

RSH, SCN~, CN~, CO, RsP, H™, I, 105~

Fig.2 Comparison of the
uptake mechanisms for
iodide removal for an anion-
exchange resin (top) and

. Polymer matrix
a metallated resin operat- Y kN+

3y
ing via complex-formation . X
and ligand-exchange, using Conventional .
bispicolylamine group as an anion-exchange resin —
example. M=multi-valent \
metal ion. X =low-affinity ion / I~ )
labile ligand *M=—X
Metallated chelating
resin
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of sufficient magnitude (especially in harsh chemical con-
ditions), the metal will desorb from the resin and either
an aqueous complex will form, containing the anion of
interest, or the insoluble salt will immediately precipitate,
either nucleating on the resin surface or simply aggregat-
ing in solution [31]. This is not always a problem, depend-
ing on the design of the adsorption, but the presence of
free fine salt particles in a resin bed would cause pressure
drop variations in a dynamic system. For this reason, the
adsorbent matrix, as well as the loading metal require
careful design.

1.4 Metals for iodine capture

As may be imagined, metallated adsorbents for selective
radioiodine capture are restricted to soft metals, to pro-
mote favourable binding. Ideally, the affinity for iodine
species, principally iodide, needs to be several orders of
magnitude above that for the many competing anions that
will be present in the wastestream. For this reason, Ag is a
popular choice in adsorbent design, due to the remarkably
low Ksp of Agl. It is followed, somewhat distantly, by Cu,

Bi and Pb. Of the other economically feasible soft metals
(Table 1), Hg is a possibility for iodine capture processes,
as demonstrated in the Mercurex acidic scrubbing pro-
cess [7]. However, the labile oxidation states, lipophilicity
and general instability of their organometallic complexes
[32] make both Hg and Sn less attractive choices. For the
four most favoured metals, Table 2 shows the solubility
parameters for their iodide salts and other relevant salts
that might represent competing reactions in adsorption
scenarios.

It should be noted that the data presented in Table 2
should not be considered the sole determining factor in
terms of the desired favourable interactions with aqueous
iodine. For example, Fe oxyhydroxides have recently been
identified as having potential in this remit and cerium has
been used historically for iodate immobilisation [35].

In addition, all the other well-known parameters, which
characterise a successful adsorbent material, must be con-
sidered in any assessment. These include high exchange
capacity, fast uptake kinetics, provable performance in
dynamic systems and high chemical durability.

E':'Leefa | }i(gcci’ivc\ilg ;Slec ;/gl:des Anion Solubility product (K,,) of metal salt

other metal salts relevant to Ag Bi Cu(l) Cu(ll) Pb

cocontaminants in nuclear

effluents lodide 852x107"7  7.71x107" 1.27x107"2 9.8x107°
lodate 3.17x10°8 - - 6.94x10%  3.69x107"3
Nitrate - 2.82x 1073 (oxide nitrate) - - -
Chloride 1.77x107'%  1.8x1073 (oxide chloride)  1.72x1077 1.70x107°
Molybdate ~ 2.8x107"? - - 28x107*  1.0x107"3
Carbonate  846x107'? - - 14%x107°  74x107
Hydroxide  2.0x107 6.0x1073 1.0x107™ 22x10%°  1.43x107"

All values taken from [33], apart from *[34]

Fig.3 Overview of known
combinations of support,
metal and loading mechanisms
from the surveyed literature
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Research into the uptake of the fluoride ion, with metal-
lated ion-exchange resins and other metal-bearing adsor-
bents, which will not be discussed here, is quite extensive
[31, 36-38]. Surprisingly, relatively few equivalent studies
have been devoted to iodide, both in general terms and
with a nuclear waste focus. This is possibly because the
iodide anion is rather high in the known series of selectiv-
ity for conventional anion-exchange resins and in some
conditions, established IX technology is sufficient for its
effective removal [29, 39]. However, with the remarkable
chemical conditions that must be overcome within this
remit, the application of HSAB is close to essential [23, 24,
40]. To the best of our knowledge, this is the first com-
prehensive review of metallated adsorbents for aqueous
iodide immobilisation.

1.5 Structure and scope of review

Figure 3 shows a summary of the various popular classes
of adsorbent matrices, along with the metallation strate-
gies available to the researcher for each. The review will
be divided accordingly. It will not be further sub-divided
by choice of loading or compositional metal ions, since
the number of metals studied in any detail for this pur-
pose is small and the metals used are similar across all
adsorbent classes. Table 3 shows the performance range
of each material class across a number of parameters. A
more detailed comparison of individual materials is seen
in Table S1. The reader is referred to these two tables
throughout the review, for corroboration.

It should be noted that, for reasons of brevity, this
review will mainly focus on development of the field within
the last ~ 20 years. Within this timeframe, the concept of
designing novel materials and incorporating soft metals
strategically for enhanced iodine selectivity has become

firmly established. It should be noted however, that the
idea of immobilisation of radioiodine by adsorption cer-
tainly predates this timeframe. An excellent summary of
earlier developments is seen in the review of Mattigod
et al. and references therein [28], which includes some
discussion on early novel metal-functionalised materials.

2 Carbon-based materials
2.1 Activated carbon

Activated carbon (AC) offers an attractive range of char-
acteristics as an iodide adsorbent. It is resistant to radioly-
sis, having extensive delocalised m-electrons. It is highly
porous, affording a potentially large number of surface
adsorption sites. AC columns are also already deployed
in the industry to capture gaseous iodine species [51].
More generally, AC can be manufactured from renewable
resources and effectively repurpose ‘waste’ carbon sources,
such as biowaste. AC may be impregnated or doped (the
two terms being used interchangeably) with Ag(0), ren-
dering the adsorbent capable of reducing iodide concen-
trations in solution to<2 g L™' [52]. Such materials are
available commercially [15], but the metallation procedure
generally appears to be contact of the AC with an aqueous
suspension of Ag(0) nanoparticles, performed in the dark
[53, 54]. Ag-doped AC was investigated, without further
modification, for removal of radioiodine, but was found
to have inferior kinetics (~ 1 day to reach equilibrium) and
much lower Ag content than the equivalent zeolite [15].
Ag-impregnated AC (commercially available) has exhibited
a high iodide capacity of ~88 mg g~' in optimal uptake
conditions. However, this figure was no higher than that
achieved for unmodified AC at pH 5 in the same study [55].

Table3 Condensed summary

. > Adsorbent type Literature values range References
of adsorption capabilities of
adsorbents reviewed Functional metal mass in lodide uptake capacity Adsorption equi-
adsorbent (mmol g™ (mmolg™) (mgg™) librium time (hr)
Activated carbon 0.081-2.7 0.10-0.32 1-72 [41,42]
13-41
lon-exchange resin  0.070-1.3 0.20-3.5 <1-25 [13, 24, 43]
26-450
Zeolite 0.19-3.2 0.029-0.16 24-240 [15, 44, 45]
3.7-20
Tio, 0.56-3.8 1.7-3.4 1-6 [46,47]
210-430
SiO, 33 0.69 1 [20]
88
Other mineral 0.093-8.3 0.18-2.9 <1-360 [15,48-50]
23-370
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Another functionalisation strategy involves the metal
being present as AgCl, rather than Ag(0). This type of mate-
rial was first reported in 1981 by Ho and Kraus [51], with
loading achieved by treatment of the AC with aqueous
AgNO;, followed by HCl. The material was shown to be via-
ble for small-scale column experiments and it was noted
that conversion to Agl occurred throughout the bulk of the
precipitated AgCl particles, rather than merely surface lay-
ers. However, the kinetics of conversion were slower than
expected [51]. More recent work used a similar method-
ology, with Ag(0)-impregnated AC being converted to
an AgCl-loaded material by treatment with HCI, with the
objective of increasing stability and reducing Ag leaching.
However, this material had low capacity (13 mg g‘1) and
again slow kinetics (3 days required to reach equilibrium).
In column experiments, ~ 10% of the loaded Ag bled from
the column, at a pH of 4.5 [41].

AC matrices have also been Cu-loaded, using a hydro-
thermal method, incorporating a polyethylenimine (PEI)
ligand [42]. The Cu was believed to be present as both
Cu(0) and Cu,0 in the material, which had a moderate
capacity (41 mg g'), but much improved kinetics to the
Ag-loaded carbons, with 90% uptake achieved in 20 min.
This may be due to the Cu ions being chelated to the
remaining ligand, as the material was not heated above
the decomposition temperature of PEI [56] and nitrogen
was detected in XPS analysis. However, the adsorbent suf-
fered 6% dissolution at moderate pH and the presence of
chloride and sulfate ions decreased performance.

The major barriers to the use of ACs appear to be first,
the low maximum possible metal loadings, despite high
porosity (Table S1). Because of this, studies involving AC
tend to attempt the iodine extraction from low concentra-
tion solutions <30 mg L™', which is an order of magnitude
below what would be expected in, for example, a spent
caustic scrubbing solution wastestream. The second bar-
rier is the relative weakness of the metal binding by the
AC matrix, essentially due to variable and inconsistent
functional group distribution on the surface [57]. Indeed,
the reversibility of platinum group metal adsorption on

to activated carbon is the phenomenon which underpins
gold hydrometallurgy [58].

2.2 lon-exchange resins

Commercial polymeric resins have the advantage of being
optimised, over many years of development, for dynamic
systems, which can be seen in their iodide uptake per-
formance in simulated column experiments [23]. As
mentioned in 1.2,, IX resin columns are widely deployed
throughout the nuclear industry for water treatment.
Therefore there is an existing industry knowledge base
concerning their use and implementation. Commercial
resins may also be easily modified by treatment with
aqueous solutions of metal ions to create iodine affinity.
The metals chelate, or otherwise bind to the chosen resin
functionality and remain as pseudo organometallic com-
plexes and iodine species may either be bound as ligands,
or metal iodides may precipitate in-situ. An example is
seen in the work of Decamp & Happel [13], who created an
Ag-loaded resin. No information could be found on what
functionality was used to immobilise the metal, but the
resin was an extraction chromatography medium, so was
likely solvent-impregnated. Dynamic experiments were
performed, with a 1T M HNO; feed solution from which
the calculated amount of iodine adsorbed was 25 mg g™,
which may again reflect the low Ag loading of 0.75 mass%
However, the experimental flow rates were extremely
high (5,400-11,200 mL hr™"). Molybdate was necessarily
removed from the system using an alumina pre-column.
Another method of creating a metallated IX resin is
via adsorption by a chelating functional group [31, 59].
A bispicolylamine resin has been loaded with Cu* ions,
which was stable at pH 2-10 and adsorbed > 160mg 1~ g™"
with a column feed of 50 mg L' iodide and 10 molar
equivalents of nitrate and molybdate ions [24]. How-
ever, because of a REDOX reaction between Cu?* and I,
the more hydrophobic I;~ anion was formed in-situ. This
species is known to interact weakly with organic adsor-
bents by partitioning [24, 60]. This is problematic for the

lon-exchange

I, 13 loag)

eSS

interaction (fairly weak) Charge-transfer complex
formation (weak)
- O\V\
' HO" &
B A o Ml

/M\I la(g)

..H
I

¥y 65 -

Metal/iodide complexation
interaction (strong)

'2 /
=11

Organic partitioning (weak)

Fig.4 lllustration of issues of hydrophobic interactions between iodine species and organic adsorbents [23, 24, 29, 61]
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stability of final wasteforms (Fig. 4), as any iodine species
not directly bonded to a metal ion would be at risk of vola-
tilising at raised temperature, rather than being converted
to a stable metal iodide salt.

Further recent research has demonstrated a different
loading technique, in which the commercial resins were
treated with an acidic solution of metal ions, followed by
NaOH. This caused precipitation of metal oxides upon the
adsorbent surface, creating a true hybrid material [35].
Some less common metals were trialled, including Bi, Ce
and Fe, with a CeO,-loaded resin proving the most efficient
material. The remit of this work was in clean-up on con-
taminated groundwater, with trace levels of I-129 present
mainly as iodate and so direct comparisons to the other
two studies here mentioned are not helpful. Nonetheless,
it is clear that other species, apart from the four key met-
als focussed on in this review deserve consideration when
identifying an adsorbent for a specific remediation task.

3 Inorganic materials

Metal-bearing inorganics have been extensively
researched for the capture of iodine species within
both nuclear waste treatment and other remits. Unlike
organic materials, they generally are not prone to radio-
lytic degradation and therefore there are no concerns
around breakdown of the final wasteform and release
of radionuclides into the environment (even long-lived
species, such as I-129). Some inorganic adsorbents are
naturally occurring and therefore have lower energy pro-
duction costs. There are also an attractive range of ame-
nable wasteform options, further discussed in Sect. 4.
Most adsorbents used can collectively be termed as
“metal-exchanged ceramics” and include aluminas, sili-
cates, zeolites and mordenites. The common method
of loading is essentially reaction of aqueous metal ions
with vacant -OH groups on the surface of the adsorbent
particles [46, 47, 50]. However, the metal ions may also
be immobilised by an organic component on the sur-
face [20] and in certain adsorbents, the metals with the
iodine affinity constitute the main mineral phase of the
adsorbent. The latter category is discussed first.

3.1 Minerals of natural iodine affinity

The most obvious attraction of these materials is that
the metal of high iodine affinity actually forms the bulk
mineral phase and therefore, the ‘loading’, when com-
pared to a metal-functionalised adsorbent, is very high.
Additionally, the number of processing stages required
to produce the adsorbent is reduced. For example,
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argentite (Ag,S) can be synthesised for iodine remedia-
tion [15]. Its most obvious attraction is the very high Ag
content (~90 mass%). However, in competitive studies
verses Ag-loaded silicas and zeolites, uptake kinetics
were slower, taking 15 days to reach equilibrium. The
fundamental flaw is that the K, for Ag,S is even lower
than for Agl (8.0 x 10™°"). Furthermore, it is questionable
whether, in a world of dwindling natural resources (espe-
cially precious metals), argentite is a sensible choice for
permanent radioactive waste sequestration, since most
of its Ag content is not gainfully used to capture the
iodine.

Minerals composed of other metals, such as Cu, are
less disadvantaged in this regard; although Cu is itself a
valuable metal with high environmental impacts. Mala-
chite Cu,CO;(OH),, azurite Cu3(CO;),(OH), and cuprite
(Cu,0) have been investigated for iodine affinity [49,
62]. The highest uptake yet reported is 23 mg g™', with
equilibrium taking ~ 4 h [49]. However, significant inter-
ferences from chloride, carbonate and hydroxide ani-
ons were observed. Cu,O has furthermore been spar-
ingly functionalised with Ag to enhance performance
[48]. This increased capacity slightly to~26 mg g™' and
improved both kinetics and selectivity, although carbon-
ate still lessened performance. An interesting photocata-
lytic oxidation of iodide anions was observed under vis-
ible light, which led to |, being adsorbed on the particle
surfaces and again, potential volatilisation issues (Fig. 4).
A mineral adsorbent of the composition (BiPbO,(NO;))
has been reported to remove iodide from a simulant
spent caustic scrubbing solution (pH 14), although
uptake values were not determined [14]. Carbonate
was again a problematic interference and equilibrium
required ~ 10 h. Nonetheless, the iodide affinity is nota-
ble, considering the affinity of both metals in the mineral
phase for hydroxide and carbonate ions (Table 2).

An adsorbent type which has generated some inter-
est in the field is bismuth oxides. By using a solvother-
mal technique, these materials can take on interesting
nanostructures and be rendered porous, increasing the
available area for iodide adsorption [25, 63], whereas the
previously mentioned minerals with poorer capacities are
non-porous. Uptake capacities of up to 285 mg g™ iodide
are reported, proceeding via formation of Bi,l,05 although,
similar to the adsorbents already discussed, iodide (and
iodate) percentage uptake was reduced by >50% by the
presence of chloride and carbonate in the system [25]. The
adsorbent would possibly be difficult to implement for col-
umn studies, given the undefined particle size distribution.

Mineral adsorbents for iodine are notable for the vast
range of adsorbent-to-solution ratios and iodine concen-
tration ranges examined in the literature. The first parame-
ter ranges from 0.2-200 g adsorbent per L of water treated,
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while the second has been studied from 0.5-12,700 mg
L~". This is because the objective behind some work is to
demonstrate that iodine concentration can be reduced
to below detectable or acceptable levels, with a sufficient
adsorbent mass [35], whereas other researchers place
more value in the maximal adsorption capacity for the
material [23], while both approaches yield valuable data, it
does make direct comparison of adsorbents problematic.

3.2 Metal-exchanged zeolites

Similarly to AC, the most popular metal to immobilise in
a zeolite matrix has been Ag. In research by Tauanov and
Inglezakis, a synthetic, mixed-phase zeolite, derived from
fly ash was first activated with NaOH, then treated with
AgNO; solution, to produce an adsorbent loaded with
Ag(0) nanoparticles [45]. Although the iodide uptake
capacity was low (20 mg g, from initial concentrations
of 75-450 mg L™"), the material demonstrated good resist-
ance to a number of common co-anions and was stable
under alkaline leaching. Control over the oxidation state
of the loaded Ag can present processing challenges, as this
material had to be stored in the dark. The Ag nanoparticles
were reported to be in the size range of 4-45 nm. This may
explain the slow kinetics (> 10 days to reach equilibrium),
as only a fraction of the silver atoms present would initially
be exposed to iodine species and work as active adsorp-
tion sites [12].

Other researchers, using titanates as the adsorbent
matrix, have retained the loaded metal as Ag* rather
than Ag(0). These materials have shown improved capac-
ity, relative to the previously mentioned zeolite, with
430 mg g~ ' and 213 mg g™ iodide captured, relative to
41% and 6% mass metal-loading respectively [47, 50]. A
further similar approach was taken by Chen et al., using a
brucite (Mg(OH),) matrix. This achieved 370 mg g‘1 jodide
uptake with 35% Ag loading [46]. These three adsorbents
may be directly compared, as assessment was conducted
with an equivalent adsorbent/solution ratio and similar
iodide concentrations. The high uptakes may be related
to porosity, which was >50 m? g™ for all materials, allow-
ing for increased metallation efficiency. In the latter case
however, because of a photocatalytic mechanism, the
adsorbed species was a polyiodide and sacrificed stability
in favour of capacity, with iodine volatilisation observed
at 350 °C [50]. Ag*-loaded adsorbents have faster uptake
kinetics than Ag(0)-loaded, which require an in-situ oxida-
tion process for ultimate conversion into Agl. Compared to
other adsorption processes, the kinetics for zeolitic adsor-
bents are however quite slow, with equilibrium still requir-
ing > 1 h [46], whereas ligand-functionalised silicas and IX
resins can reach equilibrium within a few minutes [64, 65].

3.3 Silica and organosilica materials

Ag-loaded silica-based materials have been investigated.
Silica “aerogels” are a preferred support matrix, which
are commercially available ultra-light porous silicates.
An advantage of silica matrices is that organic function-
alities can easily be incorporated into the structure of the
material by copolymerisation of silanes or grafting on to
activated silica particles [66-68]. Aerogels can for exam-
ple be functionalised with mercaptopropylsilanes, using
supercritical CO, as the reaction solvent, then treatment
with aqueous AgNO;, before finally a reduction process
using H, in Ar. This allows formation of Ag(0) nanoparticles
on the aerogel surface [69]. Such adsorbents were origi-
nally designed with gas-phase capture in mind [69, 70].
More recently they were essayed for uptake of aqueous
iodide and iodate, in what is thus far the only study of its
kind [20]. The iodine uptake capacity of 88 mg g~' did not
match the performance of the material in previous gase-
ous iodine uptake experiments (>300 mg g~') [69], which
was believed to be due to the hydrophobic silica matrix.
Uptake was complete within 1 h from analytical iodide
solutions, but far slower (days) from simulated off-gas con-
densate. Also, iodate affinity was greatly reduced in these
more realistic conditions by a factor of ~ 10 [20]. Notably,
adsorption and resistance to leaching was not tested at
high pH, presumably because of the known hydrolysis of
the silica matrices under these conditions [71].

4 Trends and future challenges

4.1 Appropriate choice of functionalising metal
and adsorbent matrix

Despite the high economic cost of Ag-loaded media, other
soft-metals have long been considered by the industry
to be inferior to silver for iodine removal, on the basis of
established gas-phase capture work [10, 12], although
more recent gas-phase studies have investigated Bi- and
even Sn-loading [72, 73]. Indeed, the range of adsorbents
covered in this review clearly indicates that successful gas-
phase adsorbents have been influential to the materials
choices made by aqueous-phase researchers. A full dis-
cussion of the different adsorption challenges posed by
the two phases is beyond the scope of this work, but it
should be noted that both the iodine speciation and the
potentially competing adsorbates are not alike, as plant
off-gas streams contain mainly I,, with high pressures of
water vapour and NO, [10]. Thus, it can be predicted that
adsorbent performance may not always be transferable
to aqueous streams.

SN Applied Sciences

A SPRINGER NATURE journal



Review Paper SN Applied Sciences

(2021) 3:843

| https://doi.org/10.1007/s42452-021-04818-8

This said, the literature does broadly show that Ag-
bearing adsorbents are superior in selectivity to Cu, Pb
and other equivalents, verses competing ions such as
chloride and carbonate [42, 48], with reported distribu-
tion coefficients at least two orders of magnitude higher
[15]. The same is true for adsorption in alkaline conditions,
relevant to spent caustic scrub solution [15, 20, 24] and can
be rationalised by considering the K, values of the rele-
vant metal hydroxides and carbonates (Table 2). Very little
work has been carried out at strongly acidic pH, partially
because of the invariable loss of metal from the adsorbent
surface [13, 24], which could cause downstream process-
ing issues, but also because iodine can be driven into the
gaseous phase from acidic solutions by sparging [11].

The assessment of selectivity of silver-loaded adsor-
bents for iodide anions in the literature is problematic
however. Only common environmental anions such as
chloride, nitrate, sulfate and carbonate tend to be trialled
for competition effects [20, 41, 45, 46] and being harder
bases than iodide and iodate, the lesser effect on perfor-
mance is predictable. The literature did not reveal any
reports of iodine uptake in solutions of high molybdate
concentration for example (although it is not present at
high concentrations in dissolver off-gas streams). Ag(0)-
loaded materials have suggested superior selectivity in
some chemical conditions [20, 45], but there are very few
direct comparisons between Ag* and Ag(0) functionalisa-
tion and the oxidation state is sometimes labile within the
adsorbent [45, 48]. Hence there is minimal strong evidence
for one oxidation state being advantageous over the other.
The interaction between iodide and Ag(0) particles is
thought to proceed by initial Ag oxidation and formation
of an Ag,0 film on the particle surface [74], followed by
Eq. 1:

Ag,0 + 2I” + 2H 2Agl + H,0 1M

It may thus be proposed that iodide capture would be
more favourable for Ag(0)-based adsorbents in acidic con-
ditions, whereas Ag™ materials would be better in media
such as spent caustic scrub. Further research into the
favourable Ag oxidation state, relative to aqueous condi-
tions, is required.

Although, as previously noted, Agl is extremely insolu-
ble, the great majority of silver salts share this character-
istic to slightly lesser degrees (Table 2). Therefore, con-
version, particularly from AgCl to Agl is often very slow
[20, 45, 47]. Furthermore, some Ag-loaded materials are
prone to reduced performance in solutions of compet-
ing ions for similar reasons, as formation of these spe-
cies, with the anions at high concentrations, is kinetically
favourable and the salts must then be slowly attacked by
the aqueous iodide anions for the formation of Agl. This
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demonstrates the previously noted issue in direct transfer
of technologies for gas-phase iodine capture to aqueous
conditions. Some Ag,0-loaded materials do exhibit rea-
sonable kinetics, having high surface areas, which facilitate
distribution of the active species as nanocrystals, which
fully react quickly with the iodine species [46, 50]. How-
ever, this comes at the expense of workable particle size
(which appeared to be <10 m in both mentioned cases),
for fast-flowing dynamic systems.

Indeed, a common trait of papers detailing the perfor-
mance of inorganic materials is that no dynamic experi-
mentation is performed [20, 45, 48, 50]. This is probably
reflective of the fact that the inorganic adsorbents studied
have small and/or ill-defined particle size, making them
less suitable for column systems. Nevertheless, such exper-
iments are feasible [41, 46], although these data were not
modelled to extract a dynamic uptake capacity.

In terms of capacity of the materials, a reasonably high
BET surface area (>50 m? g~') seems to be important, to
allow access of the aqueous iodine species to both sur-
face and interior active sites on the adsorbent particles
(Table S1). However, the relationship between this param-
eter and ultimate capacity is ill-defined (Figure S1). This
is partially because of a lack of data, particularly at lower
surface area values, as the adsorbents are frequently not
measured, but also because activated carbon materials
tend to produce outlier values, having high surface area,
but relatively low metal-loading potential, again related
to functional group chemistry [57]. More information is
required on the pore characteristics of successful mate-
rials, such as the pore-size distribution profile. This is
important to further clarifying the generally slow kinetics
of uptake.

Fast kinetics are generally achievable only by immobi-
lisation of individual metal ions by an organic functional
group, followed by iodide binding as a complex ligand,
rather than forming salt particles. For example, in contrast
to this body of literature, the binding of fluoride to vari-
ous ligated metal complexes typically reaches equilibrium
in<30 min [31, 36]. However, as has been discussed, this
kind of system can itself cause problems with organic
partitioning in iodine-capture processes. The favourabil-
ity of iodine adsorption in these systems is also rather
less predictable, as the species formed is a novel metal
complex, incorporating both chelating and iodide ligands
and at best, only sensible predictions can be made from
such sources as the Critical Stability Constants Database
[32]. These key challenges for metallated adsorbents are
illustrated in Fig. 5. It can be surmised that a “universal”
adsorbent for all aqueous iodine remediation challenges
is unlikely to be feasible and the correct adsorbent choice
for a given wastestream will probably be a compromise,
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Non-porous, inorganic

* Low capacity
» Slow kinetics

» High capacity
* Fast kinetics
» Scalable?

Porous, inorganic

» High capacity
* Slow kinetics

* High capacity
* Very fast kinetics
» Wasteform compatible?

Fig. 5 General attributes of the four classes of adsorbent considered in the review

based on economics, required flow rate/water-treatment
rate and wasteform destination.

4.2 Suitability of adsorbents for dynamic and static
systems

Given the general trends in static kinetic data already
mentioned, the differences in adsorbent performance in
dynamic verses static systems is a key current knowledge
gap. This is because, depending on the precise remit for
the adsorbent, one approach may be favourable over the
other. For treatment of dissolver off-gas condensate, which
has a production rate in the region of 1000 L day™', a col-
umn system has advantages of enhanced decontamina-
tion factor, easier management of the abatement mate-
rial and tracking of the iodine loading [75]. In this case,
adsorbents with a workable particle size and faster kinetics
would be desirable. However, for management of a finite
amount of low-level legacy aqueous waste in temporary
containment, where water-treatment rate is not critical
(as found at the US Department of Energy Hanford site),
a batch system could offer almost complete removal of
iodine, with high efficiency [35].

In the latter case, a small, or irregular particle size would
be a lesser concern, as the contact solution can simply
percolate through the adsorbent bed [75]. The adsorbent
and contact solution could be agitated as a slurry [76], as

is practiced at the UK Enhanced Actinide Removal Plant,
although this increases mechanical complexity. This sce-
nario being the case, an important factor in an experimen-
tal setup is the ratio of adsorbent mass to solution vol-
ume, to provide high efficiency but also a sufficiently low
resulting iodine concentration. This parameter needs to
be investigated further in the literature, as in the majority
of reviewed studies, it was simply set at an arbitrary value,
usually 1 (Table S1).

4.3 lodine speciation challenges

The majority of work discussed in this review has exam-
ined iodine removal from systems of moderate pH, with
controlled concentrations of potentially competing ani-
ons. In these conditions, the iodide anion is the only signif-
icant iodine species. This is certainly a laudable approach,
in that it allows competition effects to be quantified. How-
ever, in real nuclear industry aqueous waste, the iodine
speciation is complex, as it is strongly dependant on pH
and REDOX potential [11]. Acidic conditions produce
the more hydrophobic species I;~ and |,, which weakly
interact with organic adsorbents via partitioning, as dis-
cussed in 2.2. The implications for wasteform stability have
been only sparingly investigated [24] and require further
research. Only one study out of those reviewed examined
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the performance of an iodine-capture material using an
industrially-realistic acidic feed [13].

In contrast, basic conditions result in iodide and iodate
as the two dominant species. A small number of studies, in
recognition of this, have examined iodate removal or com-
pared the uptake of both species [20, 25, 35]. Whilst it is
clear that the metallated materials show ability to capture
and retain both anions, the small amount of data make it
very difficult to draw conclusions as to which adsorbent
types might be more appropriate to remediate one spe-
cies over the other. In studies of Bi,O, ;5 nanosheets, it
was found that the adsorbent had a rather higher molar
adsorption capacity for iodide than iodate. This appeared
to be related to differing iodine-containing crystalline
phases being formed at differing iodine solution concen-
trations [25]. In future, co-uptake experiments for iodide
and iodate simultaneously are suggested, to examine
their relative affinities for a given adsorbent more closely.
This would complement the good work that has already
been carried out with respect to the final speciation of the
iodine on the adsorbent surface [35]. This is important
because, in a dynamic column system with both anions
present in the feed, it is possible that breakthrough of one
species could occur well before the other, which of course
impacts the potential choice of downstream treatment
(guard column) [75]. This consideration would also influ-
ence whether a static adsorption system is chosen over a
dynamic one.

4.4 Wasteform considerations

One additional factor to be considered is the amenability
of the spent (iodine-loaded) materials to conversion to a
stable wasteform. Although much of the work discussed
so far assesses the stability of the iodine adsorption by
leaching tests [41, 42, 50], this should not be considered
equivalent to assessing the stability of the final wasteform
material. A full discussion of radioiodine wasteform com-
patibility is beyond the scope of this article, but the rela-
tive merits of the adsorbent classes mentioned must be
considered in this regard.

IX resins, despite exhibiting high iodine capacity, are
generally poorly compatible with some wasteform routes.
For example, any oxidative decomposition treatment risks
volatilisation of the iodine, as the temperatures required
are considerably above the iodine sublimation point of
183 °C [27]. Perhaps for this reason, there is no literature
describing thermal treatment of iodine-loaded adsorption
media or wasteforms. However, there has been research
into the pyrolysis of IX resins loaded with other radionu-
clides (Co and Co). This study found that the radionuclides
of interest were partially volatilised beyond a temperature
of 400 °C [77]. The polymeric beads are more suitable for
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cementation, with several operating facilities globally
processing IX resins in this way. However, the immobilisa-
tion requires careful design, with optimisation of param-
eters such as pH buffering, water to cement ratio, additive
requirements and resin mass% loading [78, 79]. The lat-
ter parameter is especially important in the case of 1-129,
because if the maximum possible adsorbent mass% in
the wasteform is low, then the “concentrate and contain
strategy is clearly not achieved. Non-traditional encapsu-
lating matrices have shown recent promise in this regard
recently. For example, novel ‘geopolymers’ have been
reported, which can contain ~45 mass% of spent radionu-
clide-containing IX resin [80]. Again however, there appear
to be no examples specifically of iodine-loaded materi-
als encapsulated in this way and this represents a critical
knowledge gap.

Ag-exchanged zeolites are suitable for consolidation by
hot isostatic pressing (HIP), being chemically converted to
a silver iodide sodalite (Ag,Al;Si;0,,l). However, the waste-
form is unstable under reducing groundwater conditions
and iodine-loading is performed in idealised conditions,
rather than an industrially-realistic capture process [81,
82]. Ag-functionalised silica aerogels are suitable for sin-
tering by HIP, as well as hot uniaxial pressing (HUP) and
spark plasma sintering (SPS), after removal of organic moi-
eties by heating [83]. It has furthermore been shown that
aerogels can be incorporated into typical cement matrices
without the structure of the aerogel breaking down under
alkaline hydrolysis. However, the iodine leachability from
such materials has not been reported and is yet uncertain.
Future work requires more synergy between adsorption
and wasteform creation processes, with the adsorbent (i)
showing capability of iodine-capture from an accurately
simulated aqueous stream, (ii) being converted to its final
wasteform, with minimal iodine loss and (iii) resisting fur-
ther iodine leaching in environmentally-realistic condi-
tions. Indeed, it could be argued that the latter two aspects
are of more importance than high adsorption perfor-
mance, in the drive towards increasing the sustainability of
future processes. The ideal material for safe sequestration
of I-129 may be one that has merely sufficient capacity and
kinetics for a dynamic column system to be feasible, whilst
completely fulfilling its wasteform criteria.

5 Conclusions

[-129 removal from wastewater and safe retention in a solid
phase is an industrial challenge, that if solved, could sig-
nificantly reduce environmental impact from the nuclear
industry. There is a small, yet diverse body of work on met-
allated adsorbents for this purpose, which harnesses the
favourable chemical interactions between soft metals and
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anionic iodine. The most commonly investigated metal is
silver and such materials demonstrate the best selectiv-
ity. However, the performance of two candidate metals,
bound to the same adsorbent matrix, is rarely compared.

Generally, inorganic matrices are preferred to organic.
This is possibly related to the incompatibility of IX resins
with the more hydrophobic iodine species and challenges
around wasteform compatibility. Only a small number of
inorganic adsorbents provide similar capacity to IX resins
and a BET surface area of >50 m? g~ appears to be desir-
able to utilise the full metal loading of the material. Kinet-
ics are often problematic, because of the relatively slow
conversion of the active metal species to metal iodides.

Many materials appear to be resistant to varoius leach-
ing conditions, but it is far more important that iodine-
loaded wasteforms are subject to these tests, using condi-
tions representative of those that would be encountered
in geological disposal. Dynamic data is generally lacking,
although dynamic water-treatment systems are widely
deployed in the nuclear industry. This raises question
marks as to the suitability of many of the inorganic adsor-
bents, because of knowledge and control over their parti-
cle size and distribution.

There is wide variance in experimental parameters
investigated (concentration range, pH, competing ions
and static vs dynamic experiments). Some researchers
have simulated a targeted aqueous waste stream, spe-
cific to a certain plant. More commonly, the adsorbent
performance is tested with analytical iodide solutions and
carefully-chosen concentrations of other anions, allowing
the interference effect to be quantified.

Future work should focus on a more joined-up approach
to iodine capture, considering challenges around specia-
tion in the system, dynamic verses static treatment meth-
ods and especially how the adsorption step integrates into
the life cycle of the adsorbent, with a pathway in mind
towards a final, chemically-stable wasteform.
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