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ARTICLE INFO ABSTRACT

Keywords: Ion-exchange resins currently rely upon petrochemicals for their manufacture. Alternative materials are under
Adsorption consideration to create adsorbents for selective removal of ions from water. However, there has been little
Ion-exchange investigation of the impact on these adsorbent chemistries on the resulting fundamental adsorption behaviour.
Iodine-129 . . s . . .

. Presented here is an investigative comparison of metal-loaded polymeric and silica-based adsorbents for the
Metal-loaded resin . . C e . . .. . . L. .
Organosilica remit of selective radioiodine (in the form of iodide) capture, using lead ions, chelated by bispicolylamine (BPA)
Bispicolylamine ligands to create iodide affinity. The results indicate marked differences in uptake behaviour between the two

materials. The ion-exchange resin (M4195-Pb) displayed more thermodynamically-favourable iodide capture,
with a calculated uptake of 338 + 12 mg g™, and retained some selectivity in the presence of acid, and 10 molar
equivalents of nitrate and molybdate. The silica had much lower capacity of 46.5 + 7.6 mg g1, but adsorbed
extremely rapidly, reaching near capacity in <1 min. Generally, the binding of both Pb*" and iodide were
significantly destabilised by the silica matrix, which was attributed primarily to a H-bonding interaction between
the BPA ligand and the adsorbent surface. It did however, result in generally better thermal stability of the bound
iodide. This appears to be the first report of this nature into this ‘matrix effect’ phenomenon and demonstrates
that great care is required in the future design of ion-exchange and adsorption media using alternate support
chemistries.

1. Introduction

Polymeric ion-exchange (IX) resins are generally regarded as the ‘go
to’ technology for a selective chemical separation process, where the
target species is present in an aqueous stream, at mg L~! concentrations.
Resins offer economical manufacture, chemical and physical robustness,
consistent particle size/characteristics and amenability with standard
hydrodynamic column setups (Alexandratos, 2009). They are commonly
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produced using a styrene/divinylbenzene or acrylic/divinylbenzene
matrix and bestowed with a large array of functional groups, including
chelating ligands. These can be highly-selective for certain ions,
dependant on factors such as cavity size and hard-soft-acid-base
behaviour (Chiarizia et al., 1998; Wilson et al., 2013; Robshaw et al.,
2019). Selectivity towards anions with organic ligands is generally
harder to achieve and is in less demand industrially; since the great
majority of valorisable aqueous ions are metal cations (Bezzina et al.,
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2018; Shields et al., 2023). Anion selectivity can be achieved by first
loading a cation onto the chosen adsorbent, which then enjoys high
affinity with certain anions, which are uptaken by ligand-exchange,
rather than IX. This strategy has been known and employed with
respect to fluoride ions for several decades (He et al., 2020; Ni et al.,
2022).

A fundamental problem facing IX resins for the future is that they are
manufactured from petrochemical-based, non-renewable resources.
While it is accepted that most environmental impact and carbon foot-
print of IX systems come from the chemicals used to elute and regenerate
the columns (Choe et al., 2013), the production of bulk styrene produces
a considerable quantity of CO; (<7.38 kg CO, kg’1 product (Amini
et al., 2015). IX resins also have no concerted recycling process at the
end of their operational life and are frequently either simply landfilled
or combusted (Atkinson et al., 2025). For this reason, there has been
much recent research into more inherently sustainable adsorbent
chemistries, including extractants synthesised from renewable feed-
stocks (Song et al., 2017; Zia et al., 2020) and those derived from waste
materials produced from other industries, including polystyrene itself
(Tran et al., 2020).

There are other reasons to consider alternative adsorbent matrices.
For example, in the case of the nuclear industry. Here, effective waste
management is crucial to ensure the continuing prosperity of the in-
dustry, not least in terms of social acceptability. The release of radio-
nuclides into the environment is under considerable scrutiny. The
Nuclear Energy Agency (NEA) have urged that all new nuclear design
and technology should aim for “near zero” radionuclide emissions by
2050 (NEA, 2018).

In terms of overall dose contribution, upon environmental release,
iodine-129 is a radionuclide of high concern (Turner, 2021). A variety of
iodine-bearing aqueous wastestreams are created by nuclear fuel recy-
cling operations, both by dissolution of the spent fuel in 9 M HNO3 and
the capture of off-gas condensate by both acidic and caustic scrubbing,
with the iodine being present mainly in anionic form (Robshaw et al.,
2021). There is currently no deployed industrial process to capture and
contain the I-129 from these streams. However, one solution is direct
adsorption and concentration within a solid phase, which can then be
encapsulated, in a relatively low-volume wasteform, and stored
geologically. Accordingly, any potential adsorbent needs to be assessed
holistically; not just in terms of its ability to uptake iodine in industrially
relevant conditions, but also its compatibility with the final wasteform
(Asmussen et al., 2022). The adsorbent matrix, as well as the chemical
functionality that interacts with the iodine, is thus of importance. To this
point, IX resins offer limited compatibility with cementation (Atkinson
et al,, 2025; Wang and Wan, 2015). Silica-based extractants have
attracted interest for this remit in recent years, due to the perceived
compatibility of SiOy with Portland cement mix (Kearney et al., 2022;
Simoni et al., 2024).

Regardless of one’s motive for considering an alternate adsorbent
material, it is important that the effect of the material’s chemical
properties on the adsorption parameters themselves is understood and
quantified. This allows any required modifications to be made to the
engineering setup, when converting from an IX resin to an alternative, in
advance, improving plant efficiency. These could include adsorbent bed
volume, flow-rate and choice of eluent.

There is a plethora of research exploring ligand and functional group
choice, with a view to gaining the required selectivity for a chemical
species (Alexandratos, 2009; Robshaw et al., 2022; Silva et al., 2021).
However, there has been, to our knowledge, not one concerted review
published, exploring the implications of adsorbent matrix chemistry.
This is despite several examples in the literature of significant differ-
ences in uptake behaviour between two adsorbents possessing the same
functional group. For example, a hypercrosslinked polymer, function-
alised with sulfonic acid groups, was shown to be more selective for Cs
and Sr than a similarly functionalised metal organic framework (MOF)
(Aguila et al., 2016; James et al., 2019). In a comparison between an
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organosilica and IX resin, both containing phosphonic acid-based li-
gands, it was found that the silica exhibited less thermodynamically-
favourable adsorption of Sr?*, yet much faster kinetics (Pepper et al.,
2018). In a comparison of two biphenol-based microporous polymers, it
was found that even seemingly small differences in the placement of
phenol groups, relative to the repeating polymer unit, produced large
differences in pore characteristics and ensuing mechanisms of uptake of
fluoride (Robshaw et al., 2020). In these mentioned studies, a number of
factors were postulated to be responsible for these interesting differ-
ences in performance. These included hydrophobicity of the matrix,
pore size and placement of the functional groups (particle surface verses
pore-interior). However, these predictions were mainly speculative,
rather than based on empirical data.

The purpose of the current study therefore, is to make a systematic
and critical comparison between two adsorbents of equivalent func-
tionality, but very different matrix chemistry. The context of the com-
parison will be the removal of iodide from aqueous solutions, with a
view to produce an active, loaded adsorbent, subsequently to be con-
verted to a wasteform. The novelty of the work is to investigate and
attempt to rationalise the differences in iodide-uptake behaviour to a
level of detail that has previously not been illustrated.

The chemical conditions in which such adsorbents must operate are
often very hostile, with high ionic strength, extreme pHs and high
concentrations of competing anions (Decamp and Happel, 2013;
Asmussen et al., 2019). IX resins have been researched extensively for
use as radioiodine capturers; being employed sometimes in unmodified
form, with amine or ammonium functionality. These materials offer
high adsorption capacity of >500 mg g™, but are often vulnerable to
competition from macro concentrations of other ions and/or poor
selectivity for iodate (Asmussen et al., 2022; Barton et al., 2019).
Organosilicas with anion-exchange groups are also known for their
iodine removal properties. A polyethyleneimine-impregnated silica is
known to uptake >2 g g~ of gaseous and organic iodine (Hijazi et al.,
2019). A pyridinium-functionalised silica was shown to have better
aqueous iodide retention than strong base IX resins in column operation
(Ye et al., 2019). However, experiments were not run in conditions
relevant to nuclear effluents. It must also be born in mind that the point
with most unmodified IX media is for the adsorption process to be
reversible, allowing for regeneration; whereas for radioiodine, a ‘once-
though’ system, with geological disposal of the material is the more
common strategy. Therefore near irreversible adsorption is preferable
(Simoni et al., 2024; Asmussen et al., 2019).

Generally, for this remit, a highly selective functionality is called for
and a similar approach to that applied to fluoride can be taken, by
immobilising ‘soft’ metal ions onto a solid support. In previous work, a
popular choice of loading metal for researchers has been Ag (Agl Kg, =
8.52 x 10’17) (Robshaw et al., 2021). In a recent comparison of iodide
removal performance, in challenging, acidic conditions, an Ag-loaded IX
resin produced a distribution coefficient of >10°, which was >4 orders
of magnitude higher than for Cu, Bi or Pb (Robshaw et al., 2022). A large
body of work has been amassed by researchers at Pacific Northwest
National Laboratories (PNNL) on development of Ag-loaded silica
‘hydrogels’ (Asmussen et al., 2019; Matyas et al., 2011). These have
demonstrated iodine removal from off-gas condensate wastewater and
importantly, are compatible with geological disposal (Asmussen et al.,
2019). Nonetheless, Ag is an increasingly expensive and important
precious metal and it is debatable whether burying large masses of it in
geological repositories constitutes efficient resource use. Ag is also labile
with respect to oxidation state, meaning that adsorbents may have to be
treated with UV light, or used in a closed system to avoid significant
chemical changes (Liu et al., 2015; Mao et al., 2016) Other loading
metals that have performed well in comparative studies include Bi and
Ce, which were shown to remove iodide and iodate concurrently from a
carbonate-rich alkaline solution, whereas Ag-loaded materials did not
extract significant iodate (Asmussen et al., 2023). The multivalence of
these metal ions compared to Ag is potentially attractive, as adsorbents
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can theoretically immobilise more iodide/iodate anions per metal
centre, thereby increasing efficiency. There is similarly potential worth
in investigation of Hg adsorbents for radioiodine capture, as Hgl; is also
highly stable. Although the extreme toxicity of Hg is problematic.

Another multivalent metal less commonly investigated for this pur-
pose is Pb (PbI Kg, = 4.41 x 10~%), with the only significant material
reported in the literature being a hybrid Bi/Pb mineral adsorbent
(Kodama, 1999). The major issue with this material was its lack of
porosity, meaning only surface metal sites were gainfully utilised for
iodide capture (again, this demonstrates the importance of consider-
ation of the physicochemical properties of the adsorbent particles)
(Kodama, 1999). Nonetheless, in the previously-mentioned comparison
study, a Pb-loaded resin was the 4th best-performing adsorbent overall
in terms of iodide capacity in challenging chemical conditions (Robshaw
et al., 2022). Pb salts containing iodine species are known to have some
resistance to leaching, when incorporated in cement or bitumen
wasteforms; though less so than the more insoluble salts formed by Ag
(Kalinin et al., 1983). Pb of course has high human and environmental
toxicity compared to its competitors. However, this is arguably a less
significant barrier for the nuclear industry, as the main hazard would be
the radioactivity of the adsorbent/wasteform and control measures
would already be elevated because of this. Pb is also economical and
abundant compared to Ag.

The bispicolylamine (BPA) functionality is an attractive target for
metal functionalisation and use with active wastestreams. It possesses
delocalised pi electrons and contains no larger atoms prone to radiolytic
attack, unlike other chelating functionalities (thiourea, amino-
phosphonic acid). This infers better long-term stability of the final
wasteform (Ferry and Ngono, 2021). In previous work, a BPA IX resin,
functionalised with Cu®>" ions demonstrated promising iodide removal
performance (Cul Ky, = 1.10 x 10_12), However, this system was
hampered by an in-situ REDOX reaction occurring between Cu®* and
iodide, which oxidised the iodide to more volatile and weakly-bound
species (Robshaw et al., 2020). We have therefore selected Pb as our
loading metal of choice, which has a more stable 2 + oxidation state.

In terms of comparative adsorbent chemistries, we have selected a
typical styrene/divinylbenzene IX resin, as it is a commercially available
material, with the BPA functionality installed, in the form of DOWEX®
M4195 (Table S1). The analogous organosilica can be synthesised in a
facile SN2 reaction, with a ligand of one’s choice, from commercially-
available halopropyl silicas (Scheme 1). Metalation can then proceed
by simply immersing the adsorbent in an aqueous solution of metal ions,
which then coordinate bond to the BPA group (Scheme 1).

This creates a novel material, for which physicochemical properties
and uptake parameters are unknown. Silica, as previously mentioned,
also offers potential greater compatibility with final wasteform options.
It is hoped the resulting comparison will build towards a ‘toolkit’ for

4-Bromopropyl silica

(4BrPrsil) (BPPrAsn)
0 d b Sl/\/\N
\:Si/\/\Br N
4 o
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understanding the impact of adsorbent chemistry on ion uptake char-
acteristics and progress the design of the next generation of adsorption
media.

2. Methods

2.1. Synthesis of bispicolylpropylamine-functionalised silica gel
(BPPrAsil)

All reagents were of analytical grade or better. A two-necked, round-
bottom flask, fitted with a magnetic stirrer, was charged with 200-400
mesh 4-bromopropyl-functionalised silica gel (Table S2), hereafter
referred to as 4-BrPrsil (8.643 g, 12.96 mmol functional group equiva-
lent, calculated from manufacturer quote of 1.5 mmol g~!) and anhy-
drous NapCOs3 (5 g). This was placed under nitrogen and evacuated 3
times. Acetonitrile (99.9 %, 250 mL) was added anhydrously, followed
by bispicolylamine (97 %, 2.40 mL, 13.33 mmol). The mixture was
heated to 100 °C and refluxed, with stirring, for 18 hr. The product was
washed with further acetonitrile, ethanol and deionised water until the
filtrate pH was neutral. It was finally dried in a vacuum oven at 50 °C for
24 h, which afforded BPPrAsil as a light orange powder (yield: 8.401 g).

2.2. Conditioning of adsorbents

A mass of 5 g BPPrAsil or DOWEX M4195 resin (as received from the
manufacturer in partially hydrated form) was contacted with HNO3 (1
M, 250 mL) and equilibrated in an orbital shaker for 24 hr. The resin/
silica was then rinsed slowly with deionised water (500 mL). M4195
resin and derivatives were handled in hydrated form in all loading and
uptake experiments. The dry mass equivalent was determined by
calculating the loss of mass upon drying (SI, p2). The silica was dried in a
vacuum oven at 50 °C for 24 h and handled in anhydrous form.

2.3. Determination of pseudo-acid dissociation constants for BPPrAsil
and DOWEX M4195 resin

A sub-sample of M4195 was dried in an airflow oven at 80 °C for 24
hr and ground to a power in a pestle and mortar. MilliQ water, of re-
sistivity >18 MQ was used throughout these experiments, to negate the
influence of carbonic acid/carbonate. Samples of the resin (0.100 g), or
functionalised silica (0.600 g), were suspended in standardised HNO3
(0.107 M, with sufficient NaNOj to achieve ionic strength of 1.0 M). The
suspensions were titrated, in a closed system, with a constant temper-
ature of 21 °C, against NaOH (1.021 M), using a Mettler Toledo DL15
Potentiometric Titrator. Titrations were performed in triplicate, in static
mode, with NaOH additions of 0.10 mL, with no experiment lasting
longer than 20 min to reach the equivalence point. The resulting

Pb-loaded bispicolylpropylamino
silica (BPPrAsi

)
Sl/\/\NF/I"_Q X

N— Pb?+

\ Polystyrene/ '
nE N ysty NH N
PbXaea | divinylbenzene X
NH et
7 N

Pb-loaded M4195 resin (M4195-Pb)

Scheme 1. Showing the syntheses of the adsorbents featured in this work. “ACN* = acetonitrile.
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potentiometric curves were fit using Microsoft Excel, using Billo’s
method for polyprotic analytes (Billo, 2004). Models accounting for 1-5
pKas were used for data-fitting. The allowed variables were pK, values
and ligand concentration. [HNOs] and [NaOH] were allowed to be
adjusted to +5 % of the value calculated by standardisation. Error
values were calculated using the Excel SolvStat add-in, again as per
Billo’s method (Billo, 2004).

2.4. Functionalisation of BPPrAsil and DOWEX M4195 resin with Pb ions

To load the adsorbents with Pb%* ions, 6.0 g (dry mass equivalent) of
BPPrAsil or M4195 was contacted with Pb(NO3), solution (250 mL, 0.1
M) and equilibrated in an orbital shaker for 24 hr. The metalated
adsorbent was separated from the residual solution by gravity filtration
and washed slowly with 500 mL deionised water. In the case of the silica,
the material was dried in an airflow oven at 80 °C for 24 hr. This
afforded the Pb-loaded forms of the adsorbents, which will be desig-
nated as BPPrAsil-Pb and M4195-Pb. The Pb concentration within each
adsorbent was calculated by acid digestion of dried subsamples (~0.5 g)
in HNO3/HClO,.

2.5. Iodide capture investigations from various media

All reagents were of analytical grade or better. All experiments were
conducted in duplicate and uncertainty values were calculated from 2 x
the standard deviation. In a typical experiment, the adsorbent (~50 mg
dry mass equivalent) was weighed into a glass vial and contacted with a
precise volume of Nal solution. The vial was carefully equilibrated in an
orbital shaker for 24 hr. Iodide uptake by the adsorbent was calculated
by measurement of the iodide concentration in the pre-contact and post-
contact solution by potentiometry or ion chromatography, then mass-
balancing (SI, p3). In some experiments, controlled quantities of NO3
and MoO3~ ions were added. In experiments to determine theoretical
maximum iodide uptake, the data were fitted with a number of common
two-parameter isotherm models (SI, p4).

For pH-controlled experiments, the suspensions were first made up to
close to their intended final volume (25 mL) with deionised water, fol-
lowed by addition of a defined volume of concentrated Nal from a stock
solution (such that the iodide concentration of the solution, at final
volume, would equal 100 mg L™1). The solution pHs were then adjusted
with the minimum required quantities of HNO3 and/or NaOH. The vials
were equilibrated in an orbital shaker for at least 24 hr, with periodical
pH adjustments, as previously described, to maintain the intended so-
lution pH until equilibrium was reached. The samples were made up to
their intended final volume, whilst maintaining the required pH, and an
aliquot was separated from the adsorbent for analysis. For samples at the
extreme ends of the pH scale, where pH could not be measured accu-
rately by potentiometry, contact solutions were prepared using stand-
ardised HNO3 or NaOH solutions, also containing the required
concentration of Nal. Aliquots of contact solutions were standardised
again after adsorption equilibrium and it was confirmed that any pH
change was negligible. The relevant proton concentrations for equili-
brated samples were: pH 0 = 1.005 M, pH 1 = 0.0998 M. The relevant
hydroxide concentrations were: pH 13 = 0.1003 M, pH 14 = 0.996 M.

For kinetic experiments, a mass of ~200 mg adsorbent was weighed
into a large glass container, fitted with a magnetic stirrer bar and clos-
able lid. This was contacted with a starting volume of 1.00 L Nal solution
(1000 mg L) and a timer was immediately started. Periodically, 2.000
mL volumes were removed from the container, using a pipette equipped
with filtered tips and these were conserved for analysis. The maximum
volume removed from the container was <25 mL. Data were fitted to
commonly used kinetics models (SI, p5) and also tested for non-
normality and non-randomness, as per Revellame et al. (Revellame
et al., 2020).
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2.6. Solid-state analysis of the materials at various process stages

Samples were prepared for analysis first by washing with deionised
water (>100 mL) to remove any residual contact solution. They were
then dried in an airflow oven at 80 °C for 24 hr and, in the case of M4195
and derivatives, ground to a fine powder with a pestle and mortar. Some
samples for solid-state analysis were treated with a mixed Nal/I, solu-
tion, made by dissolving the relevant species in deionised water at a
molar ratio of 1:6. Although one of the objectives in this work was to
minimise the formation of triiodide in the uptake process, it was of in-
terest to study the response of the materials in a diiodine/triiodide-
dominated system.

Elemental analysis (C, H, N and S) was performed using an Elementar
Vario MICRO Cube CHN/S analyser. Fourier-transform infra-red (FTIR)
spectroscopy was performed using a Spectratech IRAffinity-1S, with a
Specac ATR attachment. Measurements were taken in transmission
mode.

Gas sorption parameters were attained using a Micromeritics ASAP
2020Plus analyser. Nitrogen sorption measurements were analysed at
—196 °C using ~100 mg of sample. BET surface areas were calculated
over a relative pressure range of 0.01-0.11P/P,. All samples were ana-
lysed in duplicate and average values and 2x standard deviations were
calculated for each material, with errors propagated accordingly. Dif-
ferential pore sizes were calculated using the NLDFT method using the
model for carbon slit (M4195) or bucket-shaped (silicas) pores. Samples
were degassed at 120 °C (M4195) and 80 °C (silicas) under dynamic
vacuum immediately prior to analysis (it was found that higher tem-
peratures caused degradation of the functional groups). Thermogravi-
metric analysis (TGA) was attained using a Perkin Elmer Pyrisl. Samples
(~6 mg) were weighed into a ceramic crucible and heated from ambient
to 100 °C at a rate of 50 °C min_l, held at 100 °C for 10 min, then heated
from 100 °C to 800 °C at 50 °C min . Ny was used as the carrier gas. X-
ray diffraction (XRD) analysis was carried out using a Bruker D2 Phaser
X-ray diffractometer, employing dual Ni K- filters. Diffractograms were
matched using the International Centre for Diffraction Data (ICDD) PDF-
4 + database (Song et al., 2012).

X-ray photoelectron spectroscopy (XPS) was carried out using a
Kratos Supra spectrometer, with a monochromated Al source and two
analysis points per sample (full operating parameters in SI, p6).

3. Results and discussion

3.1. Synthesis, functionalisation and elemental characterisation of
materials

The microanalysis indicated ~ 37 % successful functionalisation of
BrPrsil, which was surprisingly low, since the functionalising BPA
molecules should theoretically have been easily able to access the
mesopores. For M4195, it was not possible to calculate an accurate BPA
group concentration, because of the partial protonation of the functional
group (meaning the contribution of nitrate to the N mass% could not be
quantified) and presence of residual sulphate counteranions (Robshaw
etal., 2020) (Table 1). Nonetheless, it is clear for both media that Pb ions
are not loaded with a 1:1 stoichiometry with the functional group and
are likely to be anchored in a variety of different microenvironments,
with coordination to multiple BPA groups simultaneously, rather than
chelating within a single BPA cavity. Indeed, it is known that Pb
adsorption by M4195 resin is strongly pH-dependent, suggesting an ion-
exchange, rather than chelation mechanism is dominant (Diniz et al.,
2002). To the best of our knowledge, there is no experimental or theo-
retical study exploring the precise mode of complexation between Pb%*
ions and the BPA ligand and such work would be beneficial for future
study of this system. Based on literature data (Robshaw et al., 2020), it is
likely that M4195 loads more Pb?" ions per BPA functional group.
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Table 1
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Elemental microanalysis data and derived functional group concentrations for resins and silica-based materials.

Material Elemental composition (mass % and mmol g*) Calculated functional

c " N S b g{olup conc. (mmol
g )
M4195 (HNO3 65.9 + 54.9 + 6.14 61.4 11.0 + 7.88 + 0.40 + 0.08 0.125 £ 0.026  — - #1.98 + 0.05
conditioned) 0.1 0.1 +0.03 +0.3 0.0 0.01

M4195-Pb 63.8 &+ 53.2 & 5.88 58.8 10.4 + 7.39 + <0.01 <0.03 *12.6 *0.606 + *0.606 + 0.003
0.1 0.1 +0.01 +0.1 0.0 0.00 +0.1 0.003

4-BrPrsil *5.33 *4.44 1.47 14.7 <0.01 <0.07 <0.01 <0.03 - - 1.48 £ 0.02
+0.06 +0.05 +0.03 +03

BPPrAsil 10.1 £ 8.39 + 1.72 17.2 *2.32 *1.65 <0.01 <0.03 - - 0.551 =+ 0.003
0.0 0.04 +0.01 +0.1 +0.01 +0.01

BPPrAsil-Pb 8.94 + 7.45 + 1.86 18.6 1.77 + 1.26 + <0.01 <0.03 *2.53 *0.122 + *0.122 4+ 0.004
0.04 0.04 +0.04 +04 0.00 0.00 +0.08 0.004

* Indicates which element was used to calculate functional group concentrations.

#Approximate value for comparison, taken from reference (Robshaw et al., 2020). Not measured experimentally.

3.2. Determination of pseudo-acid dissociation constants for M4195 and
BPPrAsil

Fitting of titration data was attempted, using models for 1-4 pKas.
For each adsorbent, the closest fitting model, which returned sensible
values in the context of the functional group chemistry and known
literature were chosen, and are presented in Fig. 1. For full dataset, see

6.5
pK, =276 £ 0.06 pK, =177 £ 0.15
pK; =4.02 + 0.04 pK;=3.13 £ 0.21
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Fig. 1. (a) Potentiometric titration of suspensions of M4195 ({>) and BPPrAsil
(W) in HNO3 against NaOH and fitting of titration data using Billo’s method for
polyprotic systems (coloured lines). (b) Diagram showing the assigned pseudo-
PKas of the two materials.

SI, Table S3). For M4195, both di-protic and tri-protic models returned
feasible values and fitting was almost identical. The tri-protic model
takes into account a value for the most acidic BPA pK, (one of the aro-
matic amines), which may have been just outside the pH range of the
experiment (known to be in the region of 0.5 in chloride media
(Wolowicz and Hubicki, 2012). In any case, the other two predicted
values were close to those predicted by the di-protic model. These are in
turn fairly close to previously reported values of 2.1 and 4.13 for M4195
in chloride media (Ogden et al., 2017). It is known that the acidity of the
BPA system specifically is quite sensitive to the counteranions present in
solution (Diniz et al., 2002; Wolowicz and Hubicki, 2012). For BPPrAsil,
the best-fitting sensible model was tri-protic. The most logical expla-
nation is that the most basic pKj, at 3.82 accounts for a proportion of the
silanol groups on the adsorbent surface. Attempts to quantify the pK,s of
silanol groups on silica particles are quite variable. However, the range
for the most acidic type of silanol has been reported as ~ 3.8-5.5, rep-
resenting ~ 15-20 % of the total fraction of silanol groups (Onizhuk
et al., 2018). The fit of the model to the BPPrAsil data is poorest at pH
4.5-5, which suggests it cannot fully describe the contribution of silanol
groups to the overall acidity. The limitation of the model used is that it
assumes that the concentrations of all protic groups in the adsorbent
material are equivalent (Billo, 2004), which may obviously not be the
case here. Nonethless, there has been evidence to implicate an acidic
silanol group in very similar experiments with ethyl/butylphosphonate
silica (Pepper et al., 2018). If we allow the presence of the silanol group
for these data, it follows that the other two model pK, values, of 1.77 and
3.13 are the equivalents of the measurable amine pK,s in the M4195
experiment (Fig. 1(b)), being similar, but more acidic. The most acidic
amine pK, is almost certainly not measurable for BPPrAsil as, by this
logic, it would be rather lower than 0.5 (Wolowicz and Hubicki, 2012).
Accounting for silanol group interaction would also explain why the
calculated total functional group concentration is rather higher for the
silica (Fig. 1(a)), even though it is seen from Table 1 that this is actually
not the case, with respect to the BPA ligand.

Overall, protons appear to dissociate from the BPA groups at a lower
pH in a silica matrix than for a polymeric resin. This is most likely
because the unprotonated amines are stabilised through H-bond dona-
tion by adjacent silanol groups, which has been reported for multiple
organosilanols (Lickliss and Sykes, 1995). It is well known that H-
bonding interactions lower the pKj, of a functional group (Thurlkill et al.,
2006). Furthermore, Asenath-Smith & Chen reported a specific H-
bonding interaction taking place between surface silanol groups and an
aminopropylsilane ligand (Asenath-Smith and Chen, 2008). This illus-
trates some of the factors that require consideration when attaching a
ligand to a hydrophilic, rather than hydrophobic adsorbent matrix. The
effects on the stability of the ternary metal complexes formed upon Pb
coordination were later found to be significant (Section 3.3.1).

FTIR spectra of the two adsorbents, at various relevant processing
stages, are shown in Figs. S1 and S2, while all notable peaks are
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characterised in Table S4. For the resin samples, changes are seen be-
tween the protonated and Pb-loaded forms, concurrent with the coor-
dination of the Pb ions, including the aromatic C-H stretch at ~3000
cm~! and the aromatic C=C stretch region (1400-1500 cm’l). Notably,
there was no change, for the resin spectra, in the N-H stretch region at
~1750 em”!, which is unlike the analogous Cu-loaded material
(Robshaw et al., 2020). This may imply a low proportion of metalated
iodide binding sites, due to incomplete Pb functionalisation (meaning
that the amines can remain as protonated ammonium, as there is no lone
pair donation to the metal centre). It likely also indicates that the large
Pb ions coordinate differently to ions which can fit within the functional
group ‘cavity’, without interaction with the aliphatic nitrogens (Diniz
et al., 2002).

BPPrAsil spectra are largely featureless (Fig. S2), only showing the
main peaks that would be expected from a silica-based sample and not
revealing information about the organic fraction of the material. This
has been previously observed for similar samples and we do not draw
any conclusion on the success or failure of the functionalisation reaction
based on FTIR data (Robshaw et al., 2023). The functionalisation is
confirmed by elemental and XPS analysis (Table 1; Fig. 5(a)). There is
however, an interesting weak peak at ~ 760 cm ™, which appears only
upon iodide/iodine contact. This is in close proximity to the Si-O-Si
vibration at ~800 cm ™! and is thought to indicate some deformation of
the silica lattice, due to large triiodide anions associating with the
organic ligand.

3.3. Iodide uptake investigations, using various aqueous conditions

The focus of this work was on the performance of the metalated
adsorbents. It should be noted that for proof of concept, we ran
exploratory iodide uptake experiments, with non-metallated versions of
the two materials and with the 4-BrPrsil starting material, with an initial
[I7] of 2000 mg L L (Table S5) The non-metallated BPA-bearing ma-
terials exhibited similar, but lower iodide capacity to the metalated
equivalents, while 4-BrPrsil produced an undetectable level of iodide
adsorption. The non-metallated materials superficially show reasonable
affinity for iodide anions, due to protonated ammonium groups in the
BPA ligand acting as anion-exchange sites (Robshaw et al., 2020). In
applied conditions, this would be completely negated by the macro
concentrations of other anions (mainly nitrate) present in the system
(Robshaw et al., 2023). For this reason, metal-loaded adsorbents
dominate the literature on development of adsorption media for radio-
iodine. For a comparison to iodide removal from water by non-
metallated anion-exchange resins, the reader is directed to reference
(Barton et al., 2019).

3.3.1. pH-controlled experiments

The pH adsorption/leaching profiles (Fig. 2) illustrate how M4195 is
the significantly more chemically-stable adsorbent under changing pH,
as it maintains high capacity and relatively low Pb leaching over a pH
range of 3-10. In contrast, the silica leaches an unexpectedly large
amount of Pb at pH 6 and below; indicating that either the mode of Pb
coordination is different (and weaker), or that the silica matrix is in
some way detrimental to the stability of Pb binding. The data show the
importance of an iodide-selective functionality, since, over the pH range
2-5, uptake by M4195-Pb remains high, as there is minimal Pb leaching.
However, for the silica, the majority of Pb is leached and uptake of io-
dide decreases with pH, as the competition by nitrate for the non-
selective protonated ammonium groups becomes more severe. It is
noted that in neither case would the leached Pb%* form Pbly), as Pbly in
soluble in Nal and KI solutions. Pb leaching in deionised water (without
iodide) did not produce significant Pb leaching for either material
(samples were below the limit of quantification). The water treatment
works discharge limit for environmental permits is an average of 2 pg
L7! in the United Kingdom. Table S6 illustrates how the resulting
effluent from a batch separation process (for both adsorbents) would
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Fig. 2. Comparison of iodine uptake () and Pb leaching ([7J) for (a) M4195-Pb
and (b) BPPrAsil-Pb over a pH range of 0-14. Adsorbent mass = 50 mg. Solution
volume = 25 mL. lodide concentration = 100 mg L™, T = 20 °C. Y axis applies
to both the mass of iodine taken up by the adsorbent and the mass of Pb leached
from it. Note the difference in Y axis scale for the two adsorbents.

have a Pb concentration greatly in excess of this (range = 0.45-342 mg
L™Y), which is a clear issue for the potential deployment of Pb-loaded
adsorbents for this remit.

The silica data do show a remarkable increase in iodide affinity at pH
0 and pH 13. At pH 0, the most acidic amine in the BPA functionality
becomes protonated (Ogden et al., 2017), but this is unlikely to account
for the large increase in iodide adsorption, compared to pH 1, because of
competition from nitrate. Also, the increase does not tally with the
proportion of extra binding sites that would be created. It is possible that
the multiple silanol groups on the silica surface become protonated and
positively-charged in the very acidic conditions and these would exist in
sufficient concentration that significant iodide uptake might be ach-
ieved, even with the nitrate competition. This species has been identified
in the literature at pH < 2 (Duval et al., 2002).

At pH 13 and 14, the solid silica matrix was completely hydrolysed
and the silica would most likely exist in colloidal form in the sample
solutions. It is theorised that at pH13, a solubilised BPA/Pb complex
exists, which binds iodide strongly, while at pH 14, the iodide binding is
overwhelmed by the hydroxide concentration. We investigated this via
mass spectrometry and UV-Vis spectroscopy (experimental detail in SI,
p7&10).

Mass spectrometry results were unfortunately inconclusive, as no
peaks could be sensibly assigned to postulated chemical species. It is
probable that the major detected species are of high molecular weight
and multi-charged. The mass spectra of alkoxysilanes (which would be
the most feasible hydrolysis product in this case) are widely recognised
as being difficult to interpret, as such species commonly fragment in the
mass spectrometer, displaying no molecular ion but rather base peaks
indicative of fragmentation. Adamovich et al. studied functionalised, N-
containing alkoxysilanes similar to the type of proposed breakdown
products in this work (Adamovich et al., 2023). Notably, these



T.J. Robshaw et al.

researchers were not able to record mass spectra for these materials and
cited hydrolytic instability as the major issue.

However, it is noted that the spectrum of BPPrAsil-Pb + Nal at 0.1 M
NaOH produced a base peak at an M/Z of 263, which was not present in
the spectra of the non-metallated silicas, for which in both cases, the
base peak was at M/Z 364. This peak is still present in the spectrum of
BPPrAsil-Pb + Nal at 1 M NaOH, but is greatly reduced in abundance
(Fig. S3). As such, it is possible that this ion could represent an iodide-
loaded species.

The UV-vis spectra of the samples revealed a peak at ~ 260 nm,
which is known to correspond to the BPA moiety (Wang et al., 2009). We
observed a similar peak when M4195 resin samples were leached with
methanol (Robshaw et al., 2020). For samples run at pH 13 only, an
additional strong peak appears at 214 nm, which it is thought represents
the iodide-bearing complex. Interestingly, this peak was present for the
BPPrAsil sample, as well as the BPPrA-Pb sample, which indicates the
solubilised complex does not include a Pb ion. A similar peak was
observed in the spectrum of PbNOj3, but upon close inspection, this peak
has a lower Ay« and the similarities are superficial (Fig. S4).

Overall, while inconclusive, the results strongly suggest the hydro-
lysis products are different at the two different pHs and that this is
significant to iodide binding. The presence of colloidal silica species in
downstream effluent, caused by partial hydrolysis of the adsorbent in
base, would be of concern in practice (Sole et al., 2018), but especially if
this led to radioiodine leaching from the column. These adsorbent ma-
terials were selected with a ‘once through’ system in mind, meaning the
spent adsorbent column would be taken offline and processed as active
waste. Most adsorbents are designed to be recyclable and operate over
many cycles of use. From this perspective, both adsorbents would be
problematic, because of the level of Pb leaching across the pH range.
This would gradually change the uptake behaviour over many cycles
and lead to a weaker ion-exchange mechanism becoming the dominant
iodide removal process. The exception would be BPPrAsil-Pb at pH 8-12
(Fig. 2(b)), although the amount of iodide removal is probably too low
for this attribute to be of practical use.

It should be noted that all subsequent uptake experiments were
conducted without any pH control. The pH of iodide-containing solu-
tions, post-adsorbent contact, was checked in these experiments. The pH
value was observed to be ~5.5 in the case of M4195-Pb, and ~6.8 in the
case of BPPrAsil-Pb.

3.3.2. Isotherms

Fig. 3(a) shows iodide loading isotherms for the two adsorbents. The
five models used have been previously employed to investigate sorbent
uptake characteristics of iodide and other halides (Robshaw et al., 2019;
Barton et al., 2019). Table S7 shows key isotherm model parameters. For
the Redlich-Peterson model, modelling returned low R? values (~0.9)
and uncertainty values for calculated parameters were greater than the
parameters themselves, rendering the data meaningless. Therefore data
are not presented. This implies that a hybrid chemisorption/phys-
isorption model is not applicable because the two mechanisms are metal
complex formation and ion-exchange (not multilayer physisorption).

The Qmax values for M4195-Pb and BPPrAsil-Pb were determined
from the Langmuir isotherm to be 338 + 12 and 46.5 + 7.6 mg g~}
respectively. The maximum uptake capacity, qp, was also determined
from the D-R isotherm as 762 =+ 62 and 181.8 = 49 mg g~ for M4195-
Pb and BPPrAsil-Pb. Langmuir R? values were however rather higher
and are taken as more valid. The Langmuir isotherm gave the best
description of M4195-Pb data [R? = 0.993), but in fact, the Temkin
isotherm gave the best fit for BPPrAsil-Pb (R? = 0.966). This is perhaps
significant, as it suggests that the adsorption process could be influenced
by indirect adsorbate/adsorbate interactions (Bezzina et al., 2020). The
Langmuir isotherm describes monolayer adsorption with degenerate
binding sites and homogeneity of the adsorption energy. This is clearly
erroneous in the case of M4195-Pb, as the quantity of iodide adsorbed at
higher C; values is far in excess of what would be possible by ligation to
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Fig. 3. (a) Iodide loading isotherms for M4195-Pb and (inset) BPPrAsil-Pb,
with associated model-fitting. Adsorbent mass = 50 mg. Solution volume =
25 mL. T = 20 °C. C; = (M4195-Pb) 50-1000 mg Lfl, (BPPrAsil-Pb) 20-300 mg
L7L. (b) Iodide uptake over time for M4195-Pb and BPPrAsil-Pb, with associated
model-fitting. Adsorbent mass = 200 mg. Solution volume = 1000 mL. C; =
1000 mg L. T = 20 °C.

the Pb ions only, and must indicate interaction of the iodide with pro-
tonated ammoniums (Table 1). The Langmuir model has previously been
able to model a system dominated by physisorption (Robshaw et al.,
2019) and this does not necessarily imply the fundamental assumptions
of the model are validated. The K; parameter from the Langmuir
isotherm however is useful in showing how strongly the adsorbent in-
teracts with the iodide. M4195-Pb returned a K value of 0.0152 =+
0.0017 and the BPPrAsil-Pb 0.00577 + 0.0019; an order of magnitude
difference binding strength.

The Freundlich isotherm had the worst fit for both compounds with a
value of R? of 0.964 and 0.895 for M4195-Pb and BPPrAsil-Pb respec-
tively. This isotherm best fits multi-layer adsorption processes and since
both adsorbents work by ion-exchange, this is to be expected. The silica
data were actually described best by the Temkin isotherm, which has
previously been observed in studies where there are multiple non-
degenerate sorbent/sorbate surface interactions (Robshaw et al.,
2020). This fits with the proposed uptake chemistry.

The Eges value determined from the D-R isotherm indicates the
strength of adsorption occurring and for M4195-Pb was found to be 7.74
=+ 0.8. This is likely a cumulative value, given the relatively low degree
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of Pb loading. The adsorption, particularly at higher iodide concentra-
tion, will be dominated by anion-exchange and association with the
numerous protonated nitrogens in the BPA functionality, that are not
coordinating Pb ions. The equivalent for BPPrAsil-Pb was 9.15 + 0.6,
which is regarded with some scepticism because of the low R? value of
0.919. It was clear from the addition of cocontaminants (Section 3.2.4)
that the interaction of iodide with BPPrAsil-Pb is weaker, due to the
silica matrix impact. The Langmuir separation factor (Ry) is likely a
more accurate representation of binding strength (since the data fit the
Langmuir model better).

We plotted Ry, against iodide C; for both adsorbents (Fig. S5). Ry,
increased for both materials with C;, showing increasingly favourable
adsorption. This illustrates the impact of the non-metal-loaded BPA
groups on the adsorption overall, as this behaviour is more suggestive of
an ion-exchange interaction (being affected by the ion concentration
gradient) than metal complex formation. However, the change in R, was
much greater over the concentration range studied for the silica. The
likely explanation is that at low Cj, the iodide in solution promotes
leaching of singly-chelated Pb?* ions and forms Pblz and PbI3~ aqueous
complexes (Lanford and Kiehl, 1941; Stevenson et al., 2017), producing
Ry, values close to 1 (unfavourable adsorption). As C; increases, binding
to the adsorbent occurs via the doubly-chelated Pb?* ions. XPS data
provided strong evidence for this (Section 3.4).

As a general point, a key parameter for these adsorbents would be the
‘efficiency’ of iodide-loading achieved, with respect to the number of
iodide anions ligated per Pb cation. However, this is not possible to
calculate in this instance, because of the relatively low-level of Pb-
loading achieved and the competing anion-exchange mechanism with
both coordinated and uncoordinated BPA groups. Clearly, the selection
of both chelating ligand and loading metal is of great importance to
secure maximal metal loading and minimise the weaker ion-exchange
interactions, since these are deleterious to wasteform performance
(Simoni et al., 2024).

The reported capacity of metalated adsorbents for iodine species is
highly variable (13->400 mg g~!) and the reader is directed to a recent
review for comparison (Robshaw et al., 2021). lodide capacity is
generally not dependent on choice of loading metal. For example, an Ag-
loaded titanate has been shown to adsorb 430 mg iodide g~! (Bo et al.,
2013), while an Ag-functionalised synthetic zeolite adsorbs only 20 mg
g’1 (Tauanov and Inglezakis, 2019). The Pb-loaded M4195 resin has a
higher theoretical iodide capacity than the equivalent Cu-loaded M4195
from previous work, for which the Langmuir-calculated g, was 300 mg
g_l (Robshaw et al., 2020). However, this is likely because the lower Pb
metal-loading allows more iodide to be loaded by weaker ion-exchange
interactions. The choice of adsorbent matrix physicochemistry is
instrumental in dictating the density of possible metal binding sites and
the chemical form of the metal on the adsorbent surface (salt, nano-
particle or ligated ions) (Robshaw et al., 2021). This issue has very much
prompted current investigations.

3.3.3. Kinetic experiments

Kinetic data between the two adsorbent matrices are also radically
different (Fig. 3(b), Table S8). Adsorption for M4195-Pb reaches equi-
librium fairly steadily over ~20 mins. Although the higher R? value
suggested good agreement to the Pseudo-First-Order (PFO) model, the
data failed the test for non-randomness (Revellame et al., 2020). As
such, the adsorption rate is dependent on neither (6, — 6,), nor (6 — E)t)2
entirely, which possibly indicates hybrid kinetics (Liu and Shen, 2008)
(6 = equilibrium adsorption site coverage, 6; = adsorption site coverage
at time t). The simplified Elovich equation also did not describe the data
well, which is perhaps surprising, as it has sometimes been shown to
describe a heterogeneous system well, where different rate constants are
rate-controlling at different times (Robshaw et al., 2019). Compared to
iodide uptake by previously-reported metal-loaded or —based adsor-
bents, equilibrium is rapid. A BiPbO3(NO3) material required ~10 hr to
reach equilibrium (Kodama, 1999). An Ag-loaded ion-exchange resin

Chemical Engineering Science 321 (2026) 122799

was more similar in performance, reaching ~ 90 % equilibrium capacity
in 30 min (Decamp and Happel, 2013).

For BPPrAsil-Pb, the system clearly reaches ~ 100 % equilibrium
uptake almost instantly. However, the iodide solution concentration
then fluctuated greatly, meaning that no model gave a precise fit to the
data. This again speaks to the instability of the system, as it is clearly far
more sensitive to small variations in temperature, pressure and change
in solution volume. While the BPPrAsil-Pb adsorption is seemingly
wealk, it is exceptionally rapid, reaching > 40 mg g ™! in <0.5 min, which
is unlike any metalated adsorbent yet reported (Robshaw et al., 2021).
Nor is this behaviour typical for a functionalised silica. It has been
observed that the adsorption of Sr*>* by ethyl/butyl phosphonate silica
takes ~ 60 min to reach near equilibrium (Pepper et al., 2024). For
context, the BPPrA silica was loaded with Cu?" ions, in a similar pro-
cedure to that mentioned in the Experimental section. The data are not
presented here, but it was found that uptake was similarly rapid.
Therefore, the behaviour is attributed to the physicochemical properties
of this particular silica. It is possibly a consequence of only surface
bromo groups being converted to BPA groups, as predicted from Table 1,
meaning that there are no instances of iodide anions having to diffuse
through the mesopore network to internal adsorption sites (though as
noted, there is no satisfactory explanation as to why the internal sites
were not successfully functionalised).

3.3.4. lodide uptake in competitive conditions with co-anions

The introduction of relevant competing anions to the system had
varying effects upon the two systems (Figs. S6 and S7). The M4195-Pb
retained reasonable iodide uptake performance in the presence of both
an outer-sphere anion (nitrate) and a chelating inner-sphere ligand
(molybdate), even at high ionic strength; with iodide Kp values not
changing significantly (Table S9). In contrast, the BPPrAsil-Pb retained
some selectivity in the nitrate system, but any molybdate reduced the
iodide adsorption to below detectable levels. Certainly, there is suffi-
cient evidence throughout this paper that the binding of iodide ligands
to Pb ions is destabilised in the silica matrix; but presumably, this would
also apply to competing ligands. We believe the explanation is that
doubly-coordinated “bridging” Pb ions would be more selective towards
iodide than molybdate, as the molybdate would chelate through two
oxygen atoms and therefore require two coordination sites (Rarig et al.,
2002), which would be sterically difficult with a Pb ion already bound to
two BPA moieties. This behaviour is feasible in a crowded pore network,
but much less likely with the silica, since the evidence all suggests it is
functionalised only on the particle surface, rather than within the mes-
opores. For singly-chelated Pb ions, the laws of complex stability would
likely dominate and therefore molybdate would strongly suppress iodide
uptake (Pbl; K, = 4.4 x 107%, PbMoO4 Kgp = 1.2 £ 0.3 x 1073 (Chao
and Cheng, 1977).

Compared to a Cu-loaded M4195 resin in similar experimental
conditions, M4195-Pb had ~ 75 % retention of iodide uptake at high
nitrate and molybdate concentrations, verses ~ 55 % (Robshaw et al.,
2020). However, in terms of iodide selectivity in aggressive chemical
conditions, predictably, neither adsorbent can compete with Ag-loaded
materials, because of lower soft acid/base affinity (Robshaw et al., 2022;
Asmussen et al., 2023).

3.4. Solid-state characterisation of materials at various processing stages

Fig. 4 shows the Ny adsorption/desorption isotherms attained for the
materials studied. The calculated pore size distributions for each mate-
rial are seen in Fig. S8. The silica materials all demonstrated Type IV
isotherms with H1 hysteresis loops, which is typical behaviour for
mesoporous solids and indicates cylindrical pore geometry and narrow
distribution of pore size (Sing, 1982). The resin samples give a Type III
isotherm, suggesting unrestricted multilayer formation, due to the large
volume of the macropores. It is accepted that gas adsorption is not the
preferred technique for macropore analysis and the results for M4195
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samples are only presented as comparisons to the silicas, in terms of the
effects of metal and iodide addition. Interestingly though, the further
addition of Pb?* ions and large iodide ligands to the system did not
result in significantly less surface area. In fact, the measured surface
areas were almost equivalent, within the margin of experimental un-
certainty (Fig. 4). This is in contrast to previous work on metalation of
porous adsorbents, in which the addition of metal ions decreased
measurable surface area (indeed the degree of decrease was even pro-
portionate to the size of the metal ion) (Robshaw et al., 2020; Ma et al.,
2014). In our work, this might be due to simply the low degree of metal
and iodide loading achieved. However, it may also be due to the Pb**
cation being too large to fit within the plane of the BPA cavity (Diniz
et al., 2002). This would essentially create inefficient “packing” at the
molecular scale and create more sites for the small gas molecules to
adsorb (McKeown, 2017). Iodide anions do not actually occupy that
much more volume than the nitrate ions they displace upon adsorption
(ionic radii = 206 and 132 pm), which may also explain the minimal
effect on surface area. The M4195 samples appear to increase in porosity
upon binding of both Pb and iodide. This is tentative because of the
limitations of Ny adsorption in modelling macroporous materials.
However, ion-exchange resins are widely known to swell in water, upon
introduction of larger ions.

The main objective of acquiring XRD data was to check for crystal-
lisation of Pb species, which could affect the uptake of iodide. The
M4195-Pb samples showed a surprising prevalence of such crystalline
species across the adsorption pH range (Fig. S9), with basic lead car-
bonate (C;HyOgPbs, Ksp = 1.46 x 107'3) and lead sulfate (PbSO4, Kp =
2.13 x 107®) being detectable in all samples, though in much higher
quantities at pH 9 and above. The sulfate would have been present in the
samples, as it is involved in the manufacture of M4195 and difficult to
remove, even through repeated resin conditioning (Robshaw et al.,
2020). Quantification of these species was not possible, as the spectra
were mainly amorphous and so could not be subjected to the relevant
analysis. XPS analysis of a sample collected at neutral pH (Fig. 5(b)) did
not detect any crystalline species. The formation of these salts was
clearly a competing mechanism to the uptake of iodide (Fig. 2), and
might represent a barrier to the use of M4195-Pb in basic conditions, at
least without control of CO5 contamination). Other species observed
were PbO(a) and PbO(p). It has been reported that precipitation of both
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species from Pb(NO3), solutions is possible in the presence of a low
concentration of chloride ions (Cheng et al., 2010) and it is presumed
that the iodide in our experiments could have functioned in the same
way.

The BPPrAsil-Pb diffractograms were all featureless below pH 6, but
did also reveal some CoH,0OgPbs at more alkaline pHs (samples could not
be collected beyond pH 11 because of dissolution). Overall, the Pb-
loaded adsorbents were more prone to crystallisation of undesirable
species than the Cu-loaded equivalent (Robshaw et al., 2020).

The XPS surface atomic composition sweep scans confirm that most
BPA functionalisation is on the surface of the silica particles. XPS is a
surface-sensitive technique and the recorded atomic mass % for carbon
is close to that of silica (Table S10), whereas the elemental analysis
demonstrates the composition of the silica materials was <10 % carbon
mass in total (Table 1). Notably, the scans of M4195-Pb samples showed
a much lesser Pb concentration that would be expected, relative to N.
The lowest atomic ratio expected would be ~1:8, as this would represent
a Pb%* ion chelated to two BPA ligands, with two nitrate counteranions;
whereas the actual ratio is ~1:30-1:50 (Table S10). This is again
incongruous with Table 1 and we must assume there is a disparity be-
tween the surface sites and pore interior sites for M4195.

The high resolution N 1s scans for M4195 and BPPrAsil revealed a
most interesting difference between the matrices. Three N environments
were observed in both cases, representing (in order of increasing binding
energy) neutral amines, protonated/quaternised amines, and nitrate
ions (Robshaw et al., 2020; Song et al., 2012). However, the binding
energies for the silica samples were consistently higher than for the resin
samples. We believe this represents the postulated extensive hydrogen
bonding between the BPA nitrogens and surface silanol groups, which
would account for the weaker Pb binding observed and tendency for Pb
leaching (Fig. 2). Song et al. reported that hydrogen-bonding of amine
groups generally increases the N 1s binding energy, though by quite a
variable amount (0-1.5 eV), depending on the H-bonding partner (Song
etal., 2012). For clarity, it should be noted that a protonated ammonium
nitrogen is still capable of being a H-bond acceptor (Song et al., 2012;
Nieto et al., 2017). We were not able to locate any specific XPS studies
which characterised the effects of H-bonding on the N 1s spectrum for
nitrate ions. This conclusion is tentative because as noted in SI (p6),
instrument calibration could not be performed by fixing the main C 1s
peak at 285 eV, as is conventional (because of the noisy carbon spectra
attained). Therefore, the nitrogen peak shifts between resin and silica
samples may be due to systematic bias from the instrument. It should be
noted though that there is no evidence of this possible systematic bias
with respect to other elements, including Pb (Fig. 5(b)).

The N 1s scans also demonstrate the relative weakness of interaction
between the BPA group and the coordinated Pb ions, as there is no
significant change in N 1s binding energy between the free amine and
Pb-loaded samples (Table S12). This is in contrast to XPS spectra
attained for the M4195 resin loaded with Cu®* ions, where there was a
shift of +~0.5 eV upon Cu coordination (Robshaw et al., 2020). This
would explain the tendency for Pb to leach during iodide uptake,
especially in the case of the silica.

The high-resolution Pb 4f scans (Fig. 5(b)) show only a single Pb
environment for both resin and silica samples, both before and after
iodide contact, with the Pb in 2 + oxidation state throughout (Olthof and
Meerholz, 2017). This is dissimilar to spectra acquired for Cu-loaded
adsorbent, in which the different binding environments for singly- and
doubly-chelated metal ions were clearly distinguished (Robshaw et al.,
2020). This suggests that the great majority of Pb ions present were
doubly-chelated. It is likely that the singly-chelated species were vola-
tilised, which would explain the low atomic abundance compared to
Table 1. No crystalline Pb species, observed in XRD spectra were
detected, which implies they were present at very low concentrations
and/or mainly formed in the pores of the materials, where there was
more accessible surface area for nucleation sites (Robshaw et al., 2020).
Upon iodide-coordination, the Pb environment for both materials shifts
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Fig. 5. Chemical analysis of resin and silica samples at various processing stages. (a) XPS high-resolution N 1s scans for M4195 (top) and BPPrAsil (bottom). (b) XPS
high-resolution Pb 4f scans for Pb-loaded adsorbents before and after iodide-contact: BPPrAsil-Pb (top) and M4195-Pb (bottom). (¢) and (d) First derivative TGA

traces for resin (top) and silica (bottom) samples.

to a lower binding energy, which is consistent with more favourable
electron density donation from the softer iodide ligands. The values for
the 7/2 spin orbital coupling of 138.5 and 138.6 are in excellent
agreement with those recorded by Olthof and Meerholz for a MAPbI;3
perovskite (Olthof and Meerholz, 2017). This suggests that the BPA
ligand has only a slight effect on the electronic properties of the coor-
dinated Pb?*" ions, again implying a surprisingly weak interaction. It
should be noted that the binding energy change, upon iodide-
coordination, is lesser for BPPrAsil-Pb than for M4195-Pb (0.3 eV vs
0.5 eV). This may indicate that the hydrophilic matrix destabilises the
Pb-I bonding, as well as the Pb-N bonding. It is well known through
study of conventional IX resins that the lower the crosslinking degree
(and therefore the hydrophilicity), the less selective the material is for
larger and more hydrophobic ions (Harland, 1994). However, this
literature relates to pure ion-exchange interactions rather than ligand-
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exchange. It is arguable whether the observed differences in binding
energies are significant enough to draw this conclusion.

3.5. Thermal degradation profiles of the materials at various process
stages

TGA data are especially relevant for these adsorbents, because
various routes of processing of active waste involve elevated tempera-
tures (Atkinson et al., 2025) and weakly-bound iodine, that does not
convert to a stable metal salt at high temperature, will lead to volatili-
sation and potential loss to the atmosphere. The TGA traces (Fig. 5(c)
and (d)) yet again revealed interesting differences in how the different
adsorbents degraded at a function of temperature. For clarity, the in-
dividual first derivatives for the silica samples are shown in the SI,
Fig. S12.
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The non-iodine-loaded resin samples initially lost the numerous
associated nitrate counterions at ~ 120-160 °C. This is much lower than
the reported 1st decomposition of e.g Pb(NO3)2 (Nair et al., 1984).
However, it is noted that an M4195 sample with sulfate counteranions
did not exhibit a mass loss at this temperature (Robshaw et al., 2020).
The samples then exhibited a pattern fairly typical of anion-exchange
resins (Yang et al., 2014; Dubois et al., 1995), with the BPA function-
ality being lost at ~ 220 °C and the styrene/divinylbenzene matrix at ~
400 °C. It is known that PbO decomposition occurs in multiple stages in
the range 330-570 °C (Gavrichev et al., 2008) and this can also be
observed in the relevant resin and silica thermograms. Pbl, decomposes
between 425 and 600 °C (Ren et al., 2017) and therefore the distinctions
between iodine- and non-iodine-loaded samples at this range are not
particularly clear. Notably, the decomposition of the BPA group for the
silica sample appeared to take place at a rather higher temperature than
for the resins, beginning at ~ 290 °C. We believe this is correlated to the
extent of H-bonding between the ligand and surface silanol groups;
stabilising the ligand. Also interesting is that molecular iodine appears
to be adsorbed rather more stably in the resin sample, as it decomposes
at >300 °C (consistent with literature values (Luca et al., 2017) vs ~
250 °C. This can again be attributed to matrix differences, as the mo-
lecular iodine would form stable charge-transfer complexes with the
aromatic rings of M4195 (Robshaw et al., 2020), whereas in the silica
sample, it would only weakly associate with the alkyl remnants of the
ligands (these appear to decompose at ~ 500 °C). One clear advantage of
both adsorbents over the previously-studied Cu-loaded M4195 resin is
that there is no evidence in TGA data (or any other analysis performed)
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No significant
interaction between
ligand and matrix

~I

N/

Silica matrix

H-bonding
o interaction between
;- ligand and matrix

M2+

—~
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of in-situ oxidation of iodide to more lipophilic and volatile species. In
both sets of thermograms, there is no evidence of I mass loss unless
samples are actually treated with I,. However, the issue of iodide
adsorbing by ion-exchange to non-metallated BPA groups is clear, as it
decomposes alongside the ligand. This is seen most clearly in Fig. 5(c) at
~ 220-230 °C.

3.6. Future elucidation of H-bonding interaction between surface silanol
groups and the BPA ligand

This paper has proposed a H-bonding interaction (Fig. 6), unique to
the silica matrix, to be the main cause of the variations in uptake
behaviour observed between the two matrices. Producing incontro-
vertible proof of this interaction will be a difficult task. Normally FT-IR
would be useful, as it can in some circumstances distinguish between H-
bonded and non-H-bonded amines. However, as we observed (Fig. S2),
this is not possible for silica-based samples, because the FT-IR cannot
detect the organic component of the sample.

We attempted to further elucidate the interaction by acquiring solid-
state 'H->N CP MAS NMR spectra of resin and silica samples at the UK
850 MHz Facility (University of Warwick). However these experiments
were unsuccessful, because even the high-field instrument could not
produce a sufficient signal-to-noise ratio to produce clear peaks for the N
environments. Therefore these data are not presented. This demon-
strates some of the difficulties in qualifying these interactions in chal-
lenging sample matrices.

One possible route forward would be to synthesise a small organic

Metal bonding unaffected
~I

Metal bonding
O destablised

Fig. 6. Illustration of the proposed “matrix effect”, showing how H-bonding interactions in the silica materials are believed to destablise the metal ion binding to the
BPA functionality. Shaded spheres represent the matrix/pore environment of each adsorbent.
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molecule containing both BPA and silanol functionalities (Lickliss and
Sykes, 1995). It would then be possible to probe the inter- and intra-
molecular H-bonding with standard NMR techniques (although this
would not of course prove definitively that such interactions occur be-
tween ligand and solid silica surface). Such investigations are beyond
the scope of the current work, but are targeted for the future.

3.7. Observations on industrial applicability of the systems studied

In general, the experiments conducted have demonstrated that the
different adsorbent matrices used impart remarkable influence on the
adsorption properties; even when the same chemical functionality and
loading metal are employed.

As mentioned, the Pb/BPA functionality has the advantage of not
converting the adsorbed iodide to higher and more volatile oxidation
states, unlike the previously-assessed Cu/BPA. Unfortunately however,
the large size of the Pb?* cation results in the bridging interactions be-
tween multiple BPA groups, and many uncoordinated amine sites This is
not detrimental to ultimate capacity for iodide, because of the anion-
exchange behaviour of uncoordinated BPA groups. However, this
weak iodide adsorption is very problematic when the loaded materials
are encapsulated in cement for GDF disposal, as a large fraction of the
iodide is readily leached (Kearney et al., 2022; Simoni et al., 2024).
Thermal treatments of (both) materials for waste conversion would also
be problematic, as the radioiodine, even when adsorbed entirely as io-
dide, would readily volatilise under vitrification, or even oxidation
(Bingham et al., 2012).

M4195 is overall the more feasible adsorbent for the intended pro-
cess, being able to load significantly more Pb ions, and also to retain
metal-loading and physical stability in harsher chemical conditions.
BPPrAsil-Pb possesses faster uptake kinetics, but in all other pertinent
adsorption parameters, it is inferior.

Another important consideration is radiolytic stability of the adsor-
bents. Previous literature on the radiolytic breakdown of IX resins has
shown that the heteroatom functionality (rather than the styrene ma-
trix) is the first part of a resin to degrade (Bartonicek et al., 1983). SiOq is
of course immune to radiolytic attack. Therefore, a most interesting
question is whether the matrix effects seen throughout this investigation
would play a part in the stability of the BPA moiety under radiolysis.
This is important future work. The silica matrix has cement wasteform
compatibility, notwithstanding the issue of leaching (Simoni et al.,
2024; Robshaw et al., 2023). However, IX resins are also amenable to
several processing routes including vitrification, cementation and plas-
tic solidification (Atkinson et al., 2025). This study demonstrates the
necessity of holistic considerations of adsorbent design, as it seems the
BPA ligand is fundamentally poorly-compatible with the silica matrix,
because of the destabilising H-bonding likely occurring. This is not the
case for all organosilicas; for example, it has been shown that an Ag-
loaded mercapto group (non H-bonding) has extremely strong affinity
for iodide (Robshaw et al., 2023).

For highly targeted separation processes, there is a need for control
of adsorption properties at the molecular scale. In this case, the ideal
adsorbent would be designed such that all iodide adsorbed would do so
as metal ligands, rather than weaker ion-exchange. Otherwise the
fundamental capacity advantage of chelated metal ions over e.g.
precipitated nanoparticles or metal salts (Robshaw et al., 2021) is
negated.

4. Conclusions

We have comprehensively compared two different adsorbent mate-
rials for the removal of iodide from aqueous solutions, with a view to
remediation and safe containment of iodine-129 in nuclear fuel recy-
cling. While sharing the same chemical functionality of Pb-loaded bis-
picolylamine (BPA), one adsorbent was a polymeric resin (M4195-Pb)
and the other a functionalised organosilica (BPPrAsil-Pb). The
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differences in fundamental uptake and retention behaviour were stark
and illustrated that matrix chemistry must be very carefully considered
in liquid/solid separation processes. For both materials, Pb loading was
low, relative to BPA group concentration, which suggested the Pb%* ions
bridge across multiple groups. Pseudo-pK, values were determined,
which illustrated that the BPPrAsil matrix caused acidification of the
amine groups. This correlated to relatively high Pb-leaching at mildly
acidic pH, compared to M4195-Pb. The resin demonstrated higher
theoretical maximal iodide loading of 338 + 12 mg g™!, compared to
46.5 + 7.6 mg g~ ! (calculated by the Langmuir model), in line with its
greater functional group-loading. It also retained iodide-capture more
strongly, in the presence of cocontaminants. However, the silica had
extremely rapid uptake kinetics, with near maximal (though unstable)
iodide-loading attained within 1 min, which suggested it was function-
alised only at the particle surface rather than within the pores. Spec-
troscopic investigations further evidenced that Pb-loading was
significantly destabilised for BPPrAsil, causing the observed leaching;
the most likely explanation being that the BPA ligand forms extensive H-
bonds with surface silanol groups. Quantifying the degree of surface
charge of the two materials over a pH range is clearly of relevance for
further elucidation of the differences in iodide-binding behaviour and
such investigations are ongoing. In terms of thermal stability, it was
found that molecular iodine was volatilised at lower temperatures for
the silica, but iodide itself was more stably bound, probably because of
the H-bonded ligand’s enhanced thermal stability. While there are issues
with potential deployment of either material for the remit of radioiodine
treatment, this study highlights some of the complexities around
rational adsorbent selection; both for this remit and broader. It is hoped
it will progress the agenda to advance adsorbent manufacture from
reliance on petrochemical feedstocks.
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