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Abstract 
 
Radioiodine is a challenging contaminant to remove from aqueous wastestreams, resulting 
from spent nuclear fuel reprocessing. In order to create a selective, economical adsorbent, a 
Cu-loaded bispicolylamine chelating resin was produced, from commercially available 
reagents and its performance for removal of aqueous iodide and iodine was assessed. The 

resin possessed a large equilibrium uptake capacity of 305 ± 14  mg.g-1 iodide and 2940 ± 
180 mg.g-1 total iodine. Performance was close to maximal over a pH range of 2-10. 
Capacity was reduced by ~55% by the addition of cocontaminants nitrate and molybdate, at 
concentrations of 10 molar equivalents, but resistance to suppression was greatly superior 
to non-modified polyamine resins, clearly seen in dynamic column experiments. The uptake 
mechanism was investigated by various spectroscopic techniques and was found to proceed 
via ligand-exchange, with some in-situ REDOX chemistry occurring, resulting in the 

formation of Cu(I) and triiodide. The latter was concurrently adsorbed on to the resin and 
occupied both strong (Cu-associated) and weak (charge-transfer complex formation with the 
polymeric matrix) binding sites. Thermal decomposition of the loaded resins revealed that 
the captured iodine was volatised at several different temperatures, according to strength of 
adsorption, but a large fraction was converted to stable CuI, suggesting a possible pathway 
towards volume-reduction and immobilisation as a final wasteform. 
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Research Highlights 
 
¬ A novel use for a copper-functionalised chelating resin is demonstrated 
¬ High capacity and selectivity for iodide, in static and dynamic experiments, is proven 
¬ Uptake proceeds via ligand-exchange, REDOX chemistry and charge-transfer complex 
formation 
¬ A fraction of the bound iodide is extremely chemically and thermally stable 
¬ The adsorbent shows potential for the treatment of spent nuclear fuel reprocessing waste 
 
1. Introduction 
 

Ever-increasing global energy demand has led to a proliferation of commercial nuclear 
power stations. There are currently ~450 operating nuclear power reactors, with a further 60 
under construction, supplying ~11% of the world’s electricity [1]. Appropriate waste 
management is key to addressing inherent nuclear safety issues and one example of this is 
the challenge of the capture of fission products from the nuclear fuel reprocessing cycle. 
Volatile gaseous fission products include 3H, 85Kr, 131I and 129I, with the two radioiodine 
species being of particular interest. 131I decays rapidly (t1/2 = 8 days) and with highly ionising 
radiation, with β-particles of energy 606 keV and γ-rays of energy 364 keV. It is thus not a 
radiation hazard in terms of waste disposal, but highly dangerous in the event of accidental 

release to the environment [2]. 129I is less ionising, with β-particles of energy £154 keV and 
γ-rays of energy 39.6 keV, but is an extremely long-lived isotope (t1/2 = 1.57 x 107 years). All 
iodine species bioaccumulate rapidly and are stored by humans and animals in the thyroid 
gland. Indeed, radioiodine has been implicated in sudden rises in cases of thyroid cancer in 
children [3]. 

 
Spent nuclear fuel (SNF) rods are dissolved in concentrated HNO3; in the process, causing 
~98% of the iodine to volatise and enter the plant off-gas system [4]. The residual aqueous 
iodine remaining in the raffinate is challenging to remove economically, the liquid having low 
pH and elevated levels of cocontaminants nitrate, and in particular, molybdate, which does 
not volatise to the same degree as iodine species [5]. There is no agreed industrial “best 
practice” for its treatment. The gaseous fraction is commonly captured by caustic scrubbing 
and this liquid stream is ultimately released to the ocean, within allowable discharge limits. 
However, as a result of this practice, 131I is consistently accumulating in the marine 
ecosystem [6] and an arguably superior strategy is immobilisation within a solid matrix of low 
volume [7], followed by long-term geological disposal. 
 
Solid-phase extractants have been investigated for the remediation of radioiodine. Activated 
carbon is the most common matrix and is used at an industrial scale, but requires 
impregnation by KI, triethylenediamine or NaOH to be effective [8, 9]. Microporous organic 
polymers have been trialled for this purpose. These have very high adsorption capacity 
(>3g.g-1), but their large-scale synthesis is unrealistic, because of the high cost of monomers 
and catalysts [10, 11]. A small number of studies have focussed on commercial anion-
exchange resins, which outperform activated carbon in terms of capacity, when the iodine in 
solution is present mainly in the form of iodide anions [12], which indeed is the case in the 
industrial raffinate [13]. The key issue however, is competition for binding sites, from the 
presence of both harder (NO3

-) and softer (MoO4
2-) bases at high concentrations. Our 



research group evaluated two weak base anion (WBA) resins for this purpose, LewatitÒ 

A365 and PuroliteÒ MTS9850, which demonstrated very high maximal iodide uptakes of 589 
and 761 mg.g-1 respectively [14]. However, the polyamine functionalities were unselective 
towards the iodide anions, with both nitrate and molybdate causing significant suppression 
of uptake. 
 
One possible strategy to create selective anion uptake is to use metal-loaded or -
impregnated adsorbents, which utilise hard-soft-acid-base (HSAB) theory to target a certain 
species in a mixed waste-stream. For radioiodide removal, sorbent activation by silver is 
popular (AgI Ksp = 8.52 x 10-17). La Hague nuclear reprocessing facility in France uses a 
silver-impregnated zeolite filter system [15] and Tokai in Japan employs alumina, dosed with 

AgNO3 [16]. Other silver-loaded materials include mordenites [17] and commercial cation-
exchange resins [18]. Although these materials are selective, their iodide uptake capacities 
are surprisingly poor, being mostly <200 mg g-1. Some require careful storage to prevent in-
situ Ag reduction and can also suffer from Ag leaching [18]. 
 
A more attractive metal for selective iodide capture may be copper, which has lesser, but still 
high affinity for iodide (CuI Ksp = 1.10 x 10-12), lower molecular weight and is far more 
economical. Research into Cu-loaded materials for iodide capture are very rare, being 
limited to activated carbon, modified with Cu nanoparticles [13]. 
 
Key considerations in the design of metal-loaded extractants are not only the affinity of the 
metal centres for the target anions, but the interaction between the metal and the extractant 
functionality. If this is too weak, the system can suffer from inorganic salt precipitation, which 
is problematic for dynamic water treatment systems [19]. To this point, it is well-established 
that Cu2+ has remarkable binding stability with the bispicolylamine (BPA) functionality over a 
wide pH range [20-22]. The metal ion binds to the neutral ligand with distorted square 
pyramidal geometry, allowing the exchange of two anionic ligands [23], therefore having high 
theoretical iodide capacity. It has even been shown that a Cu-loaded BPA ion-exchange 
resin can be repurposed to target alternative contaminants, namely tartaric acid [24]. 
However, the synergy of BPA functionality, Cu dosing and selective iodide capture has not 
been presented. Furthermore, the mechanistic understanding of this uptake process is very 
much incomplete, with no relevant literature found beyond the early work of Sutton [25]. 
Collectively, this provides the impetus for the current work. 
 

 
Scheme 1. Proposed metallation and iodide uptake of M4195 resin. 

 

In this study, we create the Cu-loaded form of a chelating ion-exchange resin, DOWEXÔ 
M4195 (Scheme 1), for which we build a full assessment of the adsorbent for iodide and 
iodine removal from spent nuclear fuel reprocessing waste. This considers speciation, 

competing anions, working pH range and conversion to final waste-form and concludes that 
Cu-loaded BPA materials are among the most promising yet investigated for this pressing 
industrial problem. A mechanistic uptake process, which accounts for the data attained, is 
also suggested for the first time. 
 

 
 



 
2. Experimental 
 
2.1. Chemical Reagents 
 
All metal salts were of analytical reagent grade, unless otherwise stated. All solvents were of 
HPLC grade. All materials were used without further purification. Salts were dissolved in 

deionised water of >18 mW resistivity. CuCl2.2H2O, NaI, NaNO3 and Na2MoO4.2H2O were 
supplied by Sigma Aldrich. NaOH, Na2CO3, HNO3 (68%) and methanol were supplied by 
Fisher Scientific. Standard solutions for potentiometry and ion chromatography analysis 
were made by dissolving NaCl, NaI, NaNO3 and Na2MoO4.2H2O (Fisher Scientific, >99.99%, 

trace metals grade) in deionised water. DOWEXÔ  M4195 bispicolylamine resin was 
supplied by Sigma Aldrich. Specification as supplied is shown in Table S1 . 
 
2.2. Preparation of M4195-Cu resin and other adsorption media 
 

DOWEXÔ M4195 is supplied in partially-quaternised sulfate form, which gives optimal Cu-
loading capabilities [26]. M4195 resin (2.00 g hydrated mass, as received) was contacted 
with a solution of CuCl2 (100 mL, 100 mM) in a polypropylene bottle, which was agitated for 
12 hr at room temperature. The resulting Cu-loaded resin (termed “M4195-Cu”), which took 
the form of turquoise beads was washed with deionised water (2 L) and also stored in 
deionised water when not in use. The extent of Cu loading was checked by analysis of the 
pre- and post-contact solution, using a colorimetric technique (absorbance at 815 nm), with 
a VWR UV-6300PC spectrophotometer. 

 
For certain analyses, we also prepared the non-metallated version of M4195 (partially 
protonated)  and the polyamine resin described in previous work, Purolite® MTS9850 [14]. 
This was achieved following the same procedure as before, with HNO3 (1M) as the contact 
solution. 
 
2.3. M4195-Cu iodide remediation experiments 
 
M4195-Cu was handled in hydrated form. Iodide uptake capacity was calculated on a dry 

mass basis by determining the mass loss of the resin upon drying in an air-flow oven at 70°C 
for a minimum of 24 hr. In a typical experiment, M4195-Cu (100 mg dry mass) was 
contacted with NaI solution (50 mL) in a polypropylene vial, which was agitated for 12 hr at 
room temperature on an orbital shaker (100 rpm). In pH-controlled experiments, samples 

were equilibrated to the desired pH, using NaOH and HNO3 (0.001 – 1 M) over a 12 hr 
period, before being made up to final volume. For solutions of desired pH 2-11, proton 
concentration was checked using a standard AgCl electrode. For solutions of pH 0, 1, 12 
and 13, the proton concentration, pre- and post-resin contact, was determined by titration 
against either standardised HCl or NaOH, using phenolphthalein indicator. In certain 
experiments, NaNO3 and Na2MoO4.2H2O were added as sources of the competing anions. 
In iodine mixed speciation solutions, iodine was added to NaI solutions in glass bottles and 
allowed to dissolve over a period of 48 hr on the orbital shaker (100 rpm). 
 
In single-species experiments, the iodide concentration of pre- and post-resin-contact 
solutions was determined using a Cole-Parmer ion-selective electrode (ISE) and the uptake 
at equilibrium (qe) in mg g-1 was determined by mass balancing. All samples contained 2% 
NaNO3 (5 M) as ionic strength adjustment buffer. In mixed iodine species studies, free I- was 
again quantified via ISE and total iodine determined using an Agilent 7500CE inductively-
coupled mass spectrometer (ICP-MS). In competition studies, uptake of iodide, nitrate  and 



molybdate, along with release of chloride, was simultaneously quantified via anion 
chromatography, using a Metrohm 883 Basic IC plus, with a Metrosep A Supp 5 150/4.0 
column and Na2CO3/NaHCO3 eluent. 
 
2.4. Ion-exchange column simulations 
 
In a typical dynamic experiment, M4195-Cu (5.76 g hydrated mass, 5.50 mL) was packed 
into a 6 mL polypropylene column, with porous frits above and below the resin bed. Inlet 
solutions were passed through the column in a reverse-flow system, using Watson Marlow 
Marprene tubing (internal diameter 0.5 mm), connected to a Watson Marlow 120S peristaltic 
pump. The system was calibrated to deliver a flow rate of 1.0 bed volume.hr-1 (bed volume 
(BV) = equivalent volume of solution to that of the resin mass). 0.5 BV fractions were 
collected and analysed via ISE, as previously described. 
 
2.5. Chemical analysis of resin 
 

Samples of M4195-Cu and other adsorption media were isolated, at different processing 
stages, for various analytical techniques. Samples were washed of residual contact solution 
with 10 BV of deionised water and ground to a slurry with a mortar and pestle, then dried in 
an air-flow oven at 40ºC for >24 hr prior to experimentation.  
 
For Elemental analysis (CHNS), samples were combusted Combustion products were 
analysed samples were catalytically combusted, using an Elementar Vario MICRO Cube. 
Gases were separated using a Thermal Programmed Desorption column and detected using 
a Thermal Conductivity Detector. Fourier transform infrared (FTIR) spectroscopy was 
performed using a Perkin-Elmer UATR2 and Spectrum 100. Nuclear magnetic resonance 
(NMR) spectroscopy was performed on samples, in the solid state, using 1D 1H-13C and 1H-
15N cross-polarisation magic angle spinning (CP/MAS), with a Bruker Avance III HD 500 
MHz spectrometer. Full operating parameters are shown in Supporting Information, p1. 
RAMAN spectroscopy was conducted using a Renishaw inVia RAMAN microscope, using a 
514.5 nm laser, operating at 1% intensity. X-ray diffraction (XRD) analysis was performed 

using a Bruker D2 Phaser X-ray diffractometer, using dual Ni K-b filters. Diffractograms were 
matched using the International Center for Diffraction Data (ICDD) PDF-4+ database [27]. X-
ray photoelectron spectroscopy (XPS) was carried out using a Kratos Supra spectrometer, 
with a monochromated Al source and two analysis points per sample. Again, operating 
parameters are shown in Supporting Information, p13. TGA traces were attained using a 
Perkin Elmer TGA 4000. Samples were weighed (5-25 mg) in a ceramic crucible and heated 
from ambient to 100°C at a rate of 50°C.min-1, held at 100°C for 10 minutes, then heated 
from 100°C to 900°C at 50°C.min-1. Combustion and partial combustion of spent resin 
samples was achieved using a Vecstar ashing furnace. 
 
All error values were derived from 2 x the standard deviation over at least 2 replicate 
samples or measurements, then propagated as necessary. 
 
 
3. Results and Discussion 
 
3.1. Cu-loading and elemental composition of resin 
 
The relative elemental mass percentages of M4195 as-received are shown in Table 1. We 
also analysed a fully-deprotonated sample, achieved by equilibration with 1 M NaOH. The 
atomic composition of the resin was similar to that previously reported [28]. The extent of 



Cu-loading was verified as 91.0 ± 1.3 mg.g-1 (1.43 ± 0.02 mmol.g-1) by analysis of 5 replicate 
samples. 
 
Table 1. Elemental composition of M4195 resin. Error values represent approximate 95% confidence 

intervals over 3 replicate samples. 

 
Sample Mass % / mmol g-1 

C  H  N  S  Cl 

M4195 as-

received 
69.1 ± 1.2 

57.6 ± 1.0 

6.17 ± 0.76 

61.1 ± 7.5 

8.31 ± 0.21 

5.95 ± 0.15 

2.81 ± 0.79 

0.877 ± 0.25 

2.65 ± 0.54 

0.747 ± 0.15 

M4195 

deprotonated 
79.4 ± 0.5 

66.2 ± 0.4 

6.70 ± 0.11 

66.3 ± 1.1 

9.41 ± 0.14 

6.72 ± 0.10 

0.56 ± 0.23 

0.175 ± 0.071 

0.555 ± 0.16 

0.157 ± 0.044 

M4195 with Cl- 70.5 ± 0.3 

58.7 ± 0.2 

6.86 ± 0.10 

67.9 ± 1.0 

8.22 ± 0.10 

5.87 ± 0.07 

0.775 ± 0.89 

0.242 ± 0.28 

7.52 ± 0.23 

2.12 ± 0.06 

M4195-Cu 60.3 ± 0.2 

50.2 ± 0.1 

5.81 ± 0.04 

57.5 ± 0.4 

7.01 ± 0.04 

5.00 ± 0.03 

0.660 ± 0.20 

0.206 ± 0.062 

8.43 ± 0.13 

2.38 ± 0.04 

 
Comparing the molar concentrations of N and adsorbed Cu suggested that the supposed 
binding interaction was not 100% as shown in Scheme 1. Indeed, it has been shown that 

Cu2+ ions can doubly-chelated to such resins by interaction with 2 BPA groups [29]. 
Grinstead stated that a fraction of aliphatic amines in M4195 are permanently quaternised 
and therefore cannot chelate [30]. The results However, this does not exclude the possibility 
that a Cu2+ ion could interact with the picolyl nitrogens of the ligand only (Spencer el al. 
postulated that doubly-chelated Cu would interact with all 6 nitrogens [29]). Nonetheless, it is 
possible that not every resin-bound BPA group is accessible. The Cu capacity was above 
that observed by Kolodynska et al. (50 mg.g-1, chloride media) [28], which was however 
determined with [Cu2+] an order of magnitude lower. Grinstead originally quoted a capacity 
for M4195 of 40 g.L-1, using a similar loading procedure to our own [30] which, if assumed to 
be wet settled volume, equates to ~120 mg.g-1 (conversion determined by our own mass 
loss upon drying experiments). This was determined in sulfate media and Kolodynska et al. 
did find that choice of Cu counteranion was influential to uptake capacity, reporting ~14% 
higher Cu uptake capacity for M4195 in sulfate media, rather than chloride [28]. Assuming 
that every S atom represents a divalent sulfate ion, ~1/3 of N atoms present in the partially-
hydrated samples, as received, would have been protonated. The pKas for a resin-bound 
BPA functionality have been investigated, with pK1 expected at 0.50-1.6, pK2 at 2.1-2.7 and 
pK3 at 3.4-4.1 [22, 31, 32]. The pH of a suspension of M4195 in deionised water was 1.97, 
so the degree of protonation could not be explained by the presence of sulfate only. We 
performed anion chromatography analysis on a sample of the separated water (results not 
shown), which revealed that the observed Cl content was in the form of chloride ions, so can 
assume that this is the other major counteranion involved in the production of M4195. 
 
3.2. Iodide removal as a function of pH 
 
Uptake of iodide by M4195-Cu over a pH range of 0 – 13 is shown in Fig. 1, which also 
shows simultaneous leaching of Cu. The resin possessed a broad operating range of pH 2-
10, with uptake being lesser only at the extreme ends of the pH scale. This implies that 
M4195-Cu could be used for both direct remediation of SNF and iodide extraction from 
caustic scrubbing solution, with appropriate dilution. 
 



 
Figure 1. Iodide uptake of M4195-Cu over pH range 0 - 13 with adjustments being made using HNO3 

and NaOH. Solution volume = 5 mL. Initial [I-] = 1.00 g.L-1. Equilibration time = 24 hr. Resin mass = 
100 mg. T = 20°C. Error bars represent approximate 95 % confidence intervals derived from 2 x 

experimental reps. 

 
As expected, Cu leaching was also negligible over the working pH range. There was 

however, loss of Cu in acidic conditions, starting at pH 2 and becoming significant at pH 1. 
Previous work, executed in sulfate media, has found the affinity of M4195 for Cu at pH 1 to 
be near maximal [21, 30], suggesting that the stability of the BPA-Cu complex in nitrate 
media is lesser. These however, were uptake, rather than leaching experiments. At pH 0, 

66.5 ± 1.5 % of the Cu originally loaded was calculated to remain on the resin. This closely 

correlates with the iodide uptake, which was 67.3 ± 4.4 % of the observed maximum  at pH 
3. This demonstrates that the protonated amine groups, resulting from Cu desorption, are 
non-selective towards iodide, which is out-competed by the high concentration of nitrate. 
This concurs with previous observations for polyamine resins [14]. At alkaline pHs, Cu 
leaching was most severe at pH 12. At pH 13 however, although iodide uptake remains low, 
Cu leaching is decreased substantially. An XRD spectrum of the spent resin sample at pH 
13, revealed the precipitation of both CuO and Cu2O within the resin macropores. Yet at pH 
12, the diffractogram was completely amorphous, as were samples at all other pHs (Fig. 
S1). At pH 12, the coordinated Cu2+ is hydrolysed by base, but is kept from precipitating by 
the high solution iodide concentration and instead undergoes reduction (Eqs. 1-3) 
 
Cu2+ + 2I- ⇌ CuI2 (Eq. 1) 
2CuI2 ⇌ 2CuI + I2 (Eq. 2) 
CuI + I- ⇌ [CuI2]- (Eq. 3) 
 
The small quantity of molecular iodine formed would immediately associate with the organic 
resin, hence the lack of iodine coloration observed in the solution and this explains why 
there is still some measured uptake of iodide. At pH 13, the concentration of base competes 
with these equilibria and precipitation does occur.  
 
The ideal pH for iodide adsorption was 2-3. This is likely influenced by the pK3 of a small 

number of uncoordinated aliphatic ammoniums [33]. These would allow chloride/iodide 
anion-exchange, without excessive competition from nitrate, leading to a slight additional 
uptake. For future experiments, it was observed that the resin mass naturally buffered the 
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contact solutions to a pH of ~2.5. Given these favourable uptake conditions, no further 
attempt was made to control the pH of the system. 
 
3.3. Determination of maximal uptake of iodine species by isotherm 
 
Isotherms were produced to assess the equilibrium static capacity of M4195-Cu. Both iodide 
only and mixed iodide/iodine systems were studied, results being shown in Fig. 2. In the 
latter case, the molar ratio of iodide to iodine was 1:6. This was set, not to attempt to mimic 
industrial conditions, but to clearly elucidate the different uptake characteristics of an iodine-
dominated aqueous phase. Data were fitted with four common two-parameter isotherm 
models, which are introduced and described in the Supporting Information, p2-3. Such 
models have previously been applied to describe adsorption by metallated extractants [19, 
24, 34]. Data fitting used non-linear least squares analysis, with the Microsoft SOLVER add-
in [35]. The errors associated with the isotherm adsorption parameters (Table 2) were 
determined using the associated SolvStat macro [35]. 
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Figure 2. Uptake isotherms of iodine species on to M4195-Cu with fitting to common thermodynamic 

models. (a) Iodide only system. (b) Iodide uptake only from mixed iodide/iodine system. (c) Total 
iodine uptake from mixed iodide/iodine system. Initial [I-] = 50-2000 mg.L-1. Initial [I2] = 300-6000 mg.L-

1. Solution volume = 50.0 mL. Sorbent mass = 100 mg. Contact time = 24 hr. T = 20°C. Error bars 
represent approximate 95 % confidence intervals derived from 2 x experimental reps. 

 
Table 2. Extracted parameters from isotherm models for uptake of iodine species by M4195-Cu. 

 

Model and parameter NaI solution  
(I- only) 

NaI/I2 solution 
(I- only) 

NaI/I2 solution  
(total I) 

Langmuir    
qmax (mg g-1) 305 ± 14 291 ± 8 1680 ± 690 
KL (L mg-1) 7.09 ± 2.0 x 10-2 2.05 ± 0.21 x 10-2 1.30 ± 0.11 x 10-2 
R2 0.974 0.996 0.958 
Freundlich    
KF 84.3 ± 18 31.2 ± 10 166 ± 3 
n 4.93 ± 0.86 2.72 ± 0.45 24.2 ± 0.2 
R2 0.891 0.931 0.991 
Temkin    
AT (L mg-1) 5.09 ± 2.9 0.579 ± 0.25 0.787 ± 0.36 
B 0.295 ± 0.020 0.366 ± 0.044 1.82 ± 0.18 
bT (kJ mol-1) 8.41 ± 0.24 11.2 ± 0.7 1.34 ± 0.13 
R2 0.975 0.933 0.952 
Dubinin-Radushkevich 
(D-R) 

   

qmax (mg g-1) 456 ± 37 638 ± 96 2940 ± 180 
BD (mol2 J2) 2.15 ± 0.29 x 10-9 4.10 ± 0.54 x 10-9 3.94 ± 0.30 x 10-9 
Edes (kJ mol-1) 15.3 ± 1.0 11.0 ± 0.7 11.3 ± 0.42 
R2 0.948 0.962 0.991 

 
For both systems, the uptake of iodide alone was well described by the classical Langmuir 
model. Therefore, the Langmuir theoretical saturation uptake capacity (qmax) was considered 
more valid that the equivalent Dubinin-Radushkevich (D-R) parameter. This implies that 
iodide uptake by M4195-Cu, within these idealised systems, proceeds via monolayer 
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formation and interaction with degenerate binding sites [36]. However, the Langmuir 
equilibrium constant (KL) was significantly higher for the iodide only system, implying a 
stronger interaction. This is supported by the differing desorption energy (Edes), as calculated 
by the D-R model. It is known that an Edes value of <8 kJ.mol-1 is representative of 
physisorption and  8-16 kJ.mol-1 representative of an ion-exchange loading interaction [36-

38]. For the iodide only system, the value of 15.3 ± 1.0 is towards the top end of this range 
and closer to the region >16 kJ.mol-1, implying a chemisorption phenomenon [19], which is 
sensible for a ligand-exchange reaction. The Langmuir KL value (iodide-only system) is 
similar to the range reported by Nie et al., for uptake of fluoride, via ligand-exchange by an 
Al-loaded adsorbent [39]  It was unknown at this point whether the differing iodide affinities 
were due to an altered uptake mechanism in the iodide/iodine system, or whether the 
presence of iodine was simply modifying the hydrophobicity of the aqueous phase and 
affecting iodide partitioning. The Temkin model also provided a good description of the 
uptake of iodide. Thus, it is ambiguous from these data, whether the uptake sites were truly 
degenerate, or whether the heat of adsorption decreased linearly as a function of surface 
coverage [40]. It can however be seen, from lack of agreement with the Freundlich model, 
that iodide extraction was not a multilayer adsorption process. 
 
For total iodine uptake however, the reverse was true, with the Langmuir model providing 
inadequate description, and the D-R qmax was considered the more valid parameter. This 
implies that the uptake was more heterogeneous than for iodide considered in isolation. The 
dissolution of iodine in iodide solutions causes an equilibrium to form with the triiodide anion: 
 
 I- + I2 ⇌ I3- (Eq. 4) 
 

It is furthermore known that both triiodide and iodine readily act as s-acceptors in the 
formation of stable charge-transfer (CT) complexes with both amines [41, 42] and small 
aromatic ring structures [43]. Clearly, the massive uptake of total iodine cannot be 
accounted for by ligand-exchanges only with metallated functional groups, so the apparent 
heterogeneity of uptake is predictable. The Freundlich n parameter (a measure of the 
heterogeneity of an adsorption system) is notably an order of magnitude higher for total 
iodine uptake than for iodide uptake alone. 
 
A comparison of performance between M4195-Cu and relevant extractants from the 
literature is seen in Table S2. M4195-Cu is highly competitive in terms of maximal iodide 
adsorption, with only the polyamine resins from our previous work offering higher capacity 
[14]. However, it can be seen, by comparing Cu and iodide loading values, that one bound 
Cu2+ ion did not stoichiometrically bind two iodide ligands as expected, since the molar ratio 
at iodide qmax was ~1:1.71. We also note that the total iodine capacity is of the same order of 
magnitude as that of porous aromatic frameworks (PAFs) at 2,760 mg.g-1, conjugated 
microporous polymers (CMPs) at 3,450 mg.g-1 and metal organic frameworks (MOFs) at 
1,010 mg.g-1), which were synthesised specifically for gaseous iodine capture [10, 11, 44]. 
The uptake of aqueous mixed iodine species by IX resins has been rarely studied. Hatch et 

al. reported that a commercial strong base anion (SBA) resin could adsorb triiodide 
equivalent to 97% of its quoted exchange capacity [45]. They also found that adsorption was 
almost irreversible when the ammonium was directly bound to the resin matrix via a benzyl 
group, as is the case for the aliphatic amines of M4195 (although in our work, of course, the 
great majority of these will be coordinated to Cu). Aliphatic anion-exchange resins and 
unfunctionalized resins did appear to bind iodine, but with much weaker interactions [45]. 
Lambert et al. found that triiodide-loaded SBA resins could be converted to polyiodide forms 
(I5- and I7-) by treatment with excess iodine, which was considered a possible explanation for 
the enhanced uptake observed in this case [46]. Sanemasa et al. studied the uptake of 



aqueous iodine via SBA and strong acid cation (SAC) resins [47]. Extrapolation of their 
results, which were attained at low [I2], suggest that the total iodine capacity of M4195-Cu is 
an order of magnitude higher than a SAC resin, but 2 orders of magnitude below a SBA 
resin. From this we postulated that the small fraction of quaternised aliphatic amines, which 
are non-chelating [30] were probably the main binding sites for iodine and triiodide. 
 
3.4. Investigations into competition effects of nitrate and molybdate 
 
The effect of cocontaminants nitrate and molybdate on the uptake of iodide (in each case, 
up to a ten-fold molar excess) under static, equilibrium conditions was assessed. For each 
experiment, the distribution coefficient (Kd) for all three anions, as a measure of partitioning 
between the aqueous phase and resin was calculated (Eq. S6, Table S3). The separation 
factors (S.F.) were also determined, giving a measure of the affinity of M4195-Cu for each 
anion, at each molar ratio (Eq. S7, Table S4). Figs. 3-4 summarise the uptake trends for 
each species. As seen, the affinity for iodide was quite resistant to the challenging 
conditions, with the resin retaining >50% of its usual capacity even with 10 added molar 

equivalents of each cocontaminant. Nitrate uptake was uniformly low, with large S.F.s 
calculated for iodide verses nitrate (Cu(NO3)2 Ksp = 2,440), whereas molybdate was a more 
significant suppressor (CuMoO4 Ksp = 2.8 x 10-7). However, the linear decrease in 
performance with increasing mass of cocontaminant we observed in the case of non-
metallated polyamine resins [14] did not occur; rather, the suppression reached a plateau at 
~4 molar equivalents nitrate and molybdate. The resin thus retained some selectivity for 
iodide even at high levels of cocontaminants, which suggested the reduction of a small 
proportion of the Cu centres was occurring: a large number of stable Cu(I) halide complexes 
are known [48], while Cu(I) molybdate complexes are rare and tend to involve the higher 
molybdates rather than MoO42- [49]. These experiments also revealed that the molar 
amount of chloride released into solution always exceeded the equivalents of anions 
adsorbed by the resin, which is likely residual chloride present in the original M4195 material 
(3.1.). They further indicated that chloride displaces sulfate as the counteranion to any 
quaternised ammonium groups during the Cu-loading stage (the sulfate peak in IC 
experiments was never detectable). Chloride does not appear to act as an inner-sphere 
ligand on the bound Cu centres and at least partially dissociates in the aqueous phase. This 
is concurrent with early synthetic work on BPA-Cu halide salts [25]. Similarly, it was proven 
by Spencer et al. that Cu centres, coordinated to a solid-phase BPA group via treatment with 
CuSO4, possessed aqua ligands, with sulfate acting as an uncoordinated anion [29], which 
appears to also be the case here. 
 



 
 

Figure 3. Uptake of iodide (u), nitrate (¨), molybdate (p) and total anions (¡), with accompanying 
release of chloride (Î) in mixed anions systems. 2nd order polynomial fits added to guide the eye. 

Inset shows enlargement of iodide uptake data. Initial [I-] = 50 mg.L-1. Cocontaminant molar ratio = 0-

10. Solution volume = 50.0 mL. Sorbent mass = 100 mg. Contact time = 24 hr. T = 20°C. Error bars 
represent approximate 95 % confidence intervals derived from 2 x experimental reps. 
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Figure 4. Determined separation factors (S.F.s) for iodide verses nitrate (u) and molybdate (¨). All 

experimental conditions as per Figure 3. 

 
3.5. Dynamic experiments 
 
Dynamic column studies simulate the use of resins and other adsorbents in industry. The 

performance of M4195-Cu was tested with a simple iodide-only inlet solution, to gauge the 
maximum dynamic uptake capacity, but also with added nitrate and molybdate at 10 molar 
equivalent ratios, to examine the dynamic response to concontaminants. We also subjected 
a column of polyamine Purolite MTS9850 resin, from previous work, to this mixed-species 
inlet solution, for comparison. Breakthrough curves can be fitted with various models, which 
allow calculation of useful hydrodynamic parameters. The Modified Dose-Response and 
Adams-Bohart models were applied in this instance, which are introduced and described in 
the Supporting Information, p5-6. Data-fitting was achieved similarly to equilibrium 
experiments, using SOLVER, with error calculation via SolvStat [35]. Results for both 
systems are presented in Figs. 5-6 and the extracted parameters shown in Table 3. In the 
case of the column with cocontaminants, the breakthrough could not be well-described by a 
single curve, but instead reached an initial plateau, with [I-] at ~70% of the inlet 
concentration, before full breakthrough was reached. This infers that there are two discrete 
binding sites on the resin surface, one of which has a greater resistance to competitive 
molybdate uptake. These could be correlated to the two different loaded Cu environments 
(interaction with either one or two BPA groups) [29]. Both regions could successfully be 
modelled individually and for both systems, the breakthrough curves for M4195 were 
adequately described by both models. The Dose-Response model is empirical in nature and 
does not provide insights into the nature of the adsorption. The close agreement with the 
Adams-Bohart model implies that the uptake process is highly favourable and suggests 2nd-
order kinetics, rate-limited by interfacial mass-transfer, rather than chemical reaction [50-52]. 
This is predictable, as the inner-sphere ligand-exchanges for aqueous Cu2+ are extremely 
rapid, occurring in ~200 ps [53]. The AB rate constant (kAB) was of the same order of 
magnitude as equivalent experiments conducted with a La-loaded resin, which similarly 
removed fluoride via ligand-exchange reactions [51]. 
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The MTS9850 breakthrough curve (Figure S2) shows the strong suppression of iodide 
uptake by the cocontaminants, as the effluent [I-] was observed to exceed that of the inlet as 
part of the breakthrough process, as iodide that is initially bound by ion-exchange is 
ultimately displaced by the divalent molybdate ions as the system approaches equilibrium. 
Because of this, the models were unable to adequately describe the breakthrough and the 
calculated q0 values for MTS9850 are overestimates, as they do not account for the iodide 
bleeding from the column. Even so, it can be seen that, under more realistic conditions, the 
working capacity of M4195-Cu (though reduced by ~55% compared to the iodide only 
system) far exceeds that of the polyamine resin. Interestingly, the q0 values obtained for the 
iodide only column were in excess of the equilibrium qmax, determined by Langmuir isotherm. 
In fact, these are close to the theoretical ideal 1:2 molar ratio of Cu:I-. The implications for 
the uptake mechanism are discussed in 3.8. 

 
 

Figure 5. Breakthrough curve for M4195-Cu with an iodide only solution, fitted to the Dose-Response 
(pink line) and Adams-Bohart (dotted blue line) dynamic models. Resin BV = 5.50 mL. Inlet [I-] = 2.00 

g.L-1. Flow rate = 1 BV.hr-1. T = 20°C.  Error bars represent the approximate 95% confidence 
intervals, derived from 3 x electrode measurements. 
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Figure 6. Breakthrough curves for M4195-Cu with iodide, 10 meq nitrate and 10 meq molybdate  
solution, fitted to the Dose-Response (pink line) and Adams-Bohart (dotted blue line) dynamic 

models.. Main image shows initial breakthrough. Inset shows 2nd breakthrough. Resin BV = 5.50 mL. 
Inlet [I-] = 2.00 g.L-1. Flow rate = 1 BV.hr-1. T = 20°C.  Error bars represent the approximate 95 % 

confidence intervals, derived from 3 x electrode measurements. 
 

Table 3. Extracted parameters from modelling of breakthrough data, with experimental conditions as 
per Figures 5 and 6. For S985 column, values are for the initial stages of breakthrough only. 
 
Model / 
parameter 

Iodide only Iodide and 
cocontaminants 
(1st breakthrough 
region) 

Iodide and 
cocontaminants (2nd 
breakthrough region) 

Iodide and 
cocontaminants 
(MTS9850) 

Modified 
Dose-
Response 

    

a 29.5 ± 1.4 15.9 ± 0.5 109 ± 9 15.1 ± 0.6 
b 724 ± 1 171 ± 4 256 ± 3 63.8 ± 0.2 
q0 (mg g-1) 356 ± 6 114 ± 2 46.5 ± 0.4 50.4 ± 0.1 
R2 0.986 0.996 0.997 0.996 
Adams-

Bohart (AB) 

    

kTh (mL min-1 
mg-1) 

3.74 ± 0.16 
(x 10-6) 

6.43 ± 0.21 (x 10-6) 1.07 ± 0.09 (x 10-4) 1.39 ± 0.05 (x 
10-5) 

q0 (mg g-1) 401 ± 7 128 ± 3 52.3 ± 0.5 56.8 ± 0.1 
R2 0.988 0.995 0.997 0.997 

 
3.6. Solid-state resin characterisation for investigation of uptake mechanisms 
 
A number of spectroscopic techniques characterised the resin, at different process stages, 
providing insights into the uptake. FTIR spectra, along with assignments for the bands 
observed, are shown in Figs. S5-6 and Table S5-6. It can be seen that the bond vibrations 
associated with the pyridyl and aliphatic amine groups change, due to lone-pair donation, as 
the Cu-BPA complex is formed. The M4195-Cu spectrum was largely unchanged by the 
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binding of iodide. However, interesting variations were observed in the N-H st. region (~3400 
cm-1) and N-H bend region (~1680 cm-1). Upon Cu coordination, the former peak does not 
decrease in intensity, even though there is necessarily a reduction in N-H bonds. So it can 
be assumed (as predicted) that the Cu centres coordinate two aqua ligands, rather than 
chlorides, and there is a contribution of the O-H st. to this region [29]. Upon iodide binding, 
there is a marked reduction of peak intensity, from which we infer that iodide ligands do 
indeed coordinate directly to the Cu centres. This is predictable from the literature [25, 54] 
and confirms the high strength of binding interaction seen from calculated isotherm 
parameters. Upon contact with the iodide/iodine mixture, the N-H st. and N-H bend regions 
remarkably almost completely disappear and a new unidentified peak appears at 1739 cm-1. 
We assign this behaviour to formation of the triiodide CT complex on the resin surface. 

Triiodide is strongly attracted to amines, due to a favourable s-donor (amine)/s-acceptor (I3-) 
interaction [41, 55]. We observed this behaviour in previous work with polyamine resins [14]. 
Refat et al. observed comparable spectral changes in the formation of a morpholine-I3- CT 
complex [41]. We conducted an experiment (Supporting Information, p10), to investigate the 
number of protons liberated from the resin surface, during contact with iodide and 
iodide/iodine solutions. From this, it was clear that some uncoordinated ammoniums are 
deprotonated in the formation of the CT complexes, which explains the FTIR spectra 
produced.  
 
RAMAN spectroscopy confirmed the presence of triiodide on the spent resin surface (Fig. 
S9). The symmetrical stretch of the triiodide anion, after resin contact with the  iodide/iodine  
solution, was observed at ~111 cm-1, with the asymmetrical stretch at ~155  cm-1 being a 
weakly visible shoulder peak. This is higher than observed in previous work (150.7 cm-1) 
[14], but is somewhat variable in wavenumber [56]. Unexpectedly, the sample contacted with 
iodide only produced an equivalent spectrum which suggested an in-situ REDOX process, 
unique to M4195-Cu, was occurring at the resin/solution interface We also attained RAMAN 

spectra for PuroliteÒ MTS9850, featured in previous work and, while the iodide/iodine-
treated sample exhibited characteristic triiodide peaks, the iodide-treated sample spectrum 
was completely featureless (Fig. S10). There was no evidence in any spectra of higher 
iodides or molecular iodine [57]. 
 
Solid state NMR spectra are shown in Figs. S11-13. The 13C spectra show the expected 

aliphatic (d 30-65 ppm) region, representing the alkyl polymer chains and crosslinkers, and 

aromatic (d 120-160 ppm) region, representing the phenyl and pyridyl rings. For M4195 

samples, a minor peak is present at d 60 ppm, which is assigned to the -CH2- carbons 
between the functional group tertiary amine and pyridyl/phenyl rings. In M4195-Cu samples, 

this peak shifts to lower d and is indistinguishable from the other aliphatic carbons. This is 
probably a result of increased shielding from the nitrogen atom, as its lone pair is now 
involved in a coordinate bond. The most de-shielded carbons (next to the pyridyl nitrogen) 

see a similar small shift, from d ~149 to ~145 ppm. The binding of iodine produced no 
discernible change in the 13C spectra. Unfortunately, only non-Cu-loaded samples had 
sufficient signal to noise ratios to produce interpretable 15N spectra. Nonetheless, three 

distinct environments were observed. The broad signal at d ~50 ppm was assigned to the 

protonated and permanently quaternised ammoniums, whilst those at d ~208 and 315 ppm 
were assigned to neutral and protonated pyridyl nitrogens respectively. This appears to 
confirm that the degree of protonation of the functional group predicted by Ogden et al. (an 
equilibrium between the mono- and di-protonated ligand forms at pH ~2) for M4195 was 
correct [22]. We also note that, for the M4195 sample contacted with I-/I2 solution, the 

aliphatic ammonium peak is shifted to lower d, whereas the pyridyl amine/ammonium peaks 
are not. This could indicate that CT complexation with triiodide occurs mainly at aliphatic 



sites [42] (although we should note, it is not proven that the uncoordinated ammonium 
environment responds similarly in an M4195-Cu sample). 
 
XPS survey scans provided information on the atomic composition of samples (Table S7). It 
can be seen that the atomic ratio of Cu:Cl for M4195-Cu is exactly 1:2, whereas for the 
iodide-loaded samples, the ratio is ~1:1.3, which supports the assumption that some Cu 
reduction takes place as part of the exchange process. Interestingly, no Cl was detected in 
M4195  samples, indicating the chloride present in M4195 is displaced from the surface by 
sulfate, during a later manufacturing step [26], but still present in pore interiors, diffusing out 
when the resin is properly hydrated. 
 
Selected high resolution scans of N 1s, Cu 2p and I 3d are seen in Fig. 7. It can be seen that 
XPS is not as discriminatory between nitrogen environments as NMR, as all of the electron-
rich pyridyl nitrogens (protonated and neutral) in the M4195 sample are represented by a 
single peak at 398.5 eV [58], with the quaternary ammoniums appearing as a shoulder, at 
400.8 eV. These are lower than expected binding energies [58], but we have observed 

similar traits for amines in polymeric resins [19]. However, upon Cu-chelation, all 
environments are shifted to a higher binding energy by 0.6-0.7 eV, again indicating lone pair 
involvement in metal bonding.  
 
The Cu 2p spectrum (Fig. 7c), for a sample prior to iodine contact, appears to show two 
Cu(II) environments (as predicted by dynamic uptake studies), the minor at low binding 
energy. This is believed to represent doubly-chelated Cu centres, anchored between two 
BPA groups [29], with more N-donors providing extra electron density, as was proposed 
from the Cu-loading data. The spectrum changed remarkably upon contact with iodide, as 
the main Cu(II) environment remains, but a new peak and shoulder appear at 931.2 and 
928.7 eV. This, along with a reduction in the area of the satellite region, suggests strongly 
that Cu(I) is indeed formed as part of the iodide uptake process [59]. We also note that, for 
the peaks thought to represent the doubly-chelated environment, for the pre- and post-
iodine-contact samples, the % of total Cu is almost equivalent (Table S9). It appears that all 
of the doubly-chelated and ~60% of the singly-chelated Cu centres are reduced by treatment 
with iodide. It has been reported that mixed Cu(I)/Cu(II) products can result from in-situ Cu 
reductions, by iodide, to form coordination polymers [60]. Therefore, this behaviour is 
plausible in a disordered polymer matrix. The factors governing whether Cu reduction takes 
place are numerous, including solvent, anion and reducing agent. However, it has been 
seen that a more hydrophobic coordination environment promotes irreversible reduction [61]. 
The exact coordination mode of doubly-chelated Cu is not known, but there is likely more 
exclusion of aqua ligands [29], making reduction more favourable. The reasons for the 
apparent increase in [Cu] upon iodide uptake are unknown, but may be simply natural 
variability of the resin surface. 
 
The I 3d spectra showed the dominant surface species to be iodide. This is not likely to 
accurately reflect the uptake (especially given the RAMAN spectra), because of loss of more 
volatile iodine species in the XPS vacuum. Nonetheless, there was a second, more electron-
poor environment detected. From the literature, this could represent either iodine [62] or 
triiodide [63]. These more hydrophobic species are known to migrate towards the centre of 
IX beads during uptake [45], potentially avoiding being completely volatilised. Another 
possibility is that this environment simply represents an iodide ligand shared between two 

Cu centres [60, 64] and all iodine, apart from Cu inner-sphere-coordinated iodide ligands, is 
volatised. 
 



Figure 7. Selected high resolution XPS spectra of M4195 resin, at various processing stages: (a) N 

1s, (b) I 3d, (c) Cu 2p 5/2. For samples contacted with solutions of iodine species, initial [I-] = 1000 
mg.L-1. Initial [I2] = 6000 mg.L-1. 

 
3.7. Desorption studies 
 
To clarify the iodine speciation on the resin surface, we attempted back-extraction by 
contacting the spent resin beads with methanol (Supporting Information, p15-17). The 
desorbed iodine in solution was characterized by UV-vis spectroscopy. (Fig. S14). The 
spectra showed the expected peak at 221 nm, characteristic of iodide, peaks at 290 and 361 
nm, corresponding to triiodide (spin orbital split bands) and ~445 nm, corresponding to 
molecular iodine [65, 66]. For M4195 samples, peaks were observed at ~ 260 and 345 nm, 
which were determined to be due to some slight leaching of a contaminating resin 
functionalisation reactant, most likely an aromatic amine, and not related to iodine species. It 
can be seen that no iodine at all is extracted from the M4195-Cu + I- sample, but a large 
quantity of triiodide is leached from the M4195-Cu + I- + I2 sample. This suggests that, 
although triiodide is formed on the resin surface in both instances, the mechanism of binding 
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is different. Samples of M4195 (not Cu-loaded) + I-  and MTS9850 + I- both released iodide 
during back-extraction, confirming the very high strength binding environment of the Cu 
centres. Interestingly, although M4195 + I- + I2 and MTS9850 + I- + I2 both leached triiodide, 
the loss was two orders of magnitude less than for M4195-Cu. This appears to confirm the 
postulation of Hatch et al. [45] that strong binding of triiodide to a resin requires quaternary 
ammonium groups in proximity to phenyl rings [14], with metal-coordinated amines evidently 
not producing the same effect. Crucially, there was no molecular iodine present from the 
leaching of any of the resin samples (Figs. S14-15), which strongly suggests that polyiodides 
were not formed in significant quantities [65]. 
 
3.8. Proposed binding mechanisms. 
 
With respect to the M4195-Cu/iodide system, the evidence is clear that in-situ REDOX 
chemistry is occurring, causing the formation of Cu(I) and triiodide (Scheme 2). The triiodide 
is fully bound to the resin and does not remain in solution to any significant degree. This was 
obvious from lack of coloration, but we confirmed it with several iodide/total iodine 

quantification experiments of post-contact solutions with ISE and ICP-MS (not presented), 
which were in agreement within 5%. The binding is of sufficient strength to resist methanol 
back-extraction, but not volatilisation under vacuum. This explains why the resin-bound I:Cu 
ratio, calculated by isotherm, is higher than that seen in XPS experiments (Table 2 and S7). 
Because of the high percentage of Cu reduction, it is impossible that the triiodide formed is 
taken up entirely by the small number of non-coordinating quaternary ammoniums remaining 
on the resin. Therefore, it is suggested that the triiodide principally interacts with the Cu 
centres themselves. It is very unusual, (though not impossible), for higher iodides to act as 
inner-sphere Cu ligands via end-on coordination and they tend to appear as counter-anions 
to Cu complexes [60, 64]. X-ray absorption fine structure (EXAFS) spectroscopy may 
elucidate the triioidide behaviour in this regard, but is beyond the scope of this study. 

 
Scheme 2. Proposed loading mechanisms of iodide on to M4195-Cu. 

 
In dynamic experiments (considering the iodide only system), the experimental flow rate was 
obviously sufficiently low for the ligand-exchange reaction to equilibrate in the active region 
of the column, but sufficiently high to avoid excessive REDOX chemistry occurring. This 
explains why the M4195-Cu dynamic uptake capacity unusually exceeds the equilibrium 
uptake capacity. 
 
In the case of the M4195-Cu/iodide/iodine system, the quantity and weak nature of the 
adsorption (Fig. 2c) cannot be explained by interaction only with the relatively small 
concentrations of ammoniums or Cu present (as it has been proven that formation of higher 
iodides on individual binding sites does not occur). Instead, we must conclude that the iodine 
merely associates with the plentiful aromatic rings of the polymer matrix, forming triiodide CT 
complexes and leading to the very large uptakes observed. The spectroscopic evidence for 



this is more limited. However, we did acquire additional KBr disc FTIR spectra for M4194-Cu 
samples pre- and post-contact with the iodide/iodine solution, for better resolution of the C-H 
st. region (Figure S7). From these, it can be seen that these peaks reduce in intensity, 
comparative to the rest of the spectrum, which has been suggested to indicate the predicted 
CT interaction [14, 67]. In XPS C 1s spectra, we also observed peak-broadening of the 
aromatic environment for the post-contact sample (data not shown) with FWHM increasing 
from 1.95 to 2.05 over all other samples tested. 
 
3.9. Investigations into conversion to final wasteform 
 
With most adsorbents, the ability to be recycled and retain operating capacity over 
numerous regenerations is important [21, 24, 51, 67]. Yet, within our remit, the spent IX 
resins would be highly radioactive. Therefore, consideration of wasteform and disposal is 
more pragmatic. One option for resin waste is cementation. However, the swelling and 
shrinking properties of IX beads in the matrix cause loss of compressive strength and can 
lead to leaching [68]. Incineration or pyrolysis, converting the resin to inorganic ash prior to 

cementation, has been used industrially [69], but relies on the radionuclides remaining with 
the ash, rather than volatising. Other techniques, such as bituminization also require stability 
at elevated temperature. We therefore studied the thermogravimetric behaviour of the resins 
(Fig. 8), in conjunction with XRD analysis of the decomposition products, to check for iodine 
volatilisation. 

 
 
 
Figure 8. Thermograms of M4195 resin samples at various processing stages, in oxidising conditions. 

Inset shows first derivative. For samples contacted with solutions of iodine species, initial [I-] = 1000 
mg.L-1. Initial [I2] = 1000 mg.L-1. 
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The thermal decomposition of IX resins, under oxidising conditions, proceeds in two main 

stages; the first, at ~270°C decomposing the functional groups and the second, at  ~480°C 
combusting the hydrocarbon skeleton [70]. The M4195 thermogram follows this behaviour 
closely. When dosed with iodide and iodine, the onset of the first decomposition comes at 
reduced temperature, possibly because of the effect of CT complex formation on the BPA 

functionality. Iodine appears to be lost in two stages at 360 and 395°C (confirmed by 
observation of purple vapour), which shows that the triiodide ions are strongly held by the 

protonated amine matrix (Tsub for I2 = 183°C at atmospheric pressure). The M4195-Cu 
sample showed similar decomposition to M4195, but with much greater mass retention after 
the loss of the polymer matrix. When loaded with iodide, M4195-Cu seemed to lose a small 

quantity of bound iodine over the 360-395°C range, which may be attributed to non Cu-

associated triiodide; but the majority is retained up to 850°C, further evidencing the strength 
of binding interaction. M4195-Cu, after iodide and iodine loading, exhibited a very different 

thermogram, with loss of iodine occurring at 180 and 305°C (suggesting the weakest 
interactions of all the samples). Nonetheless, from the remaining mass %, there did still 

seem to be appreciable iodide (surely as Cu ligands) retained up to 850°C.  The iodine 
volatilisation behaviour is similar to that reported for a Cu(I) coordination polymer, with non-
coordinated triiodide [60] The thermal stability of the adsorbed iodine species thus seems to 
mirror the chemical stability. 
 
XRD spectra were collected for iodide- and iodide/iodine-treated samples combusted at 350 

and 600 ± 25°C (below and above the decomposition temperature of the polymeric resin). 
While M4195 and MTS9850 samples were all completely amorphous, the M4195 samples 
revealed clear CuI and CuO peaks (Fig. S16) after both iodide and iodide/iodine contact. 
The M4195-Cu samples, after treatment with cocontaminants, showed CuMoO4 peaks [27]. 

After 600°C heating, no CuI was present in the ash, but analysis of the silica crucibles (Fig. 

S16h) revealed that the CuI (Tm = 606°C)  had fused with the crucible and the iodine had not 
volatised. Overall, the thermal analysis indicated that, despite the high capacity of M4195-Cu 
for multiple iodine species, their uptake (rather than iodide alone) may ultimately be contrary 
to the goal of preventing volatility and entrapment within a final wasteform. Future process 
optimisation will focus on converting the majority of iodine species in the wastestream to 
iodide. 
 
 
4. Conclusions 
 
Aqueous iodide adsorbs on to solid-phase Cu-loaded bispicolylamine groups via inner-
sphere ligand exchange and with high binding strength. We have demonstrated this via Cu-
loaded M4195 chelating resin, for potential applications within the nuclear industry. The 
maximal loading of this adsorbent (305 mg.g-1 equilibrium capacity, 356 mg.g-1 dynamic 
capacity) exceeds others reported in the literature. It has a broad working pH range and 
displays good resistance to competitive coadsorption by nitrate and molybdate; even with 
these anions present at 10 molar equivalent concentrations. The uptake process causes an 
in-situ REDOX reaction, leading to the dominant species on the spent resin being Cu(I). 
Although this reduced the ultimate iodide capacity of the resin, it was likely beneficial to its 
resistance to cocontaminant uptake. The triiodide generated was immediately coadsorbed, 
also with unusual binding strength. In mixed iodide/iodine systems, the uptake mechanism 
was different and likely involved triiodide charge-transfer complex formation with the resin 
phenyl groups, causing very high uptake capacity (2940 mg.g-1). Although chemically 
interesting, the relative weakness of binding would likely cause problems during thermal 
treatment of waste, due to iodine volatility; whereas the extracted iodide was mainly not 
volatised by combustion of the resin and was converted to CuI. We conclude that the Cu-



loaded bispicolylamine functionality has great potential for the intended remit and could even 
be married to other support matrices for future investigations, which it is hoped this work will 
stimulate. 
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