. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/164462/

Version: Supplemental Material

Article:

Robshaw, T.J., Griffiths, S.M., Canner, A. et al. (2020) Insights into the interaction of iodide
and iodine with Cu(ll)-loaded bispicolylamine chelating resin and applications for nuclear
waste treatment. Chemical Engineering Journal, 390. 124647. ISSN: 1385-8947

https://doi.org/10.1016/j.cej.2020.124647

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.cej.2020.124647
https://eprints.whiterose.ac.uk/id/eprint/164462/
https://eprints.whiterose.ac.uk/

Insights into the interaction of iodide and iodine with Cu(ll)-loaded
bispicolylamine chelating resins and applications for nuclear waste
treatment

Thomas J. Robshaw, Sion M. Griffiths, Adam Canner, James P. Bezzina, Archibald G.L.
Waller, Deborah B. Hammond, Sandra van Meurs and Mark D. Ogden

Supporting Information

Table S1. Physical parameters for DOWEX™ M4195 resin, according to manufacturer specification

[1].

Parameter Value or range

Matrix Styrene / divinylbenzene
Functionality Bispicolylamine

Particle size (mm) 0.297 — 0.841

Bulk density (kg m?3) 673

Moisture content (%) 40 - 60

Cu loading (g L' at pH 2, 6 g.L-! feed) 35-42

Isotherm models used to fit static equilibrium data
The Langmuir model

The Langmuir isotherm model, (Equation S2) assumes monolayer adsorption over a finite
number of degenerate binding sites, with no interaction between adsorbed species.

maxK Ce
e = qHK—LZe (Eq. S1)
In the Langmuir equation, gmax (Mg.g™') is the theoretical maximal uptake capacity of the

adsorbent. K. is a Langmuir Isotherm constant related to the favorability of adsorption. Ce
(mg L") is the fluoride concentration in solution at equilibria.

The Freundlich model

The Freundlich isotherm was originally purely an empirical model. However, it is now
commonly quoted as being able to describe multilayer adsorption systems where adsorption
sites are heterogeneous [2],

1

Qo = KpCl (Eq. S2)

where Kr and n are Freundlich isotherm constants. Kr is a measure of adsorption capacity
and n is a factor of heterogeneity.

The Temkin model
The Temkin isotherm (Equation S4) has been applied to systems where the heat of

adsorption decreases linearly as exchange sites are occupied, as a result of interactions
between the sorbate species in solution and on the adsorbent surface [3],



Ge =4 In (ArCe) (Eq. S3)

where R is the ideal gas constant (8.314 J.K-'.mol"), T is temperature (K), bt is the molar

enthalpy of adsorption (kJ.mol-') and At is a Temkin isotherm constant (L.g"). The term g—T is
T

often represented by a single constant B, related to the heat of adsorption.
The Dubinin-Radushkevich (D-R) model

The D-R isotherm (Equation S5) assumes the adsorption follows a Gaussian distribution of
binding energies is used to determine whether chemisorption, ion-exchange or physisorption
dominates the system [4],

—BD[RTln(1+C—1€)]2

(Eq. S4)

de = qmax €

where Bp is a D-R isotherm constant (mol? J2). The mean free energy of sorption Ep (J mol-')
can thus be obtained via Equation S6.

Ep = — (Eq. S5)

Note on the use of the Temkin and D-R isotherms in the determination of total iodine uptake

The average molar concentration of all iodine species present in the mixed iodine/iodide
solutions were calculated as follows: For pre-contact solutions, the concentration of iodide
only was determined via ISE as previously described. The measured concentrations were
compared to that of solutions of pure Nal, which were made up using the same glassware
and equivalent masses of Nal salt (accurate to 0.1 mg). The difference in measured [I]
between the two sets of solutions was assumed to be due to conversion of a fraction of the
original iodide to triiodide, according to the equilibrium Iz + I < 5. Subsequent measurement
of the solutions by ICP-MS allowed for quantification of total iodine species and from this,
the apparent [I2] was calculated. This therefore allowed for a calculation of the molar
fractions of iodide, iodine and triiodide in each concentration interval to be carried out.
Finally, an average molar mass for all iodine species present in each concentration interval
was calculated.

It must be noted that there are two limitations to this technique. The first is that the same
determination could not be made for the post-contact solutions and therefore an assumption
had to be made that the molar ratios of each species in pre- and post-contact solutions were
unity. This may not have been the case. The second is that the technique assumes that
iodide, iodine and triiodide were the only species present in significant concentrations and
does not take into account the potential formation of polyiodides.

This uncertainty is not significant for Langmuir and Freundlich model-fitting, which does not
require the application of molar concentrations. However, results for Temkin and D-R
isotherm fitting were accordingly regarded with caution.



Comparison of uptake performance with the literature

Table S2. Comparison of M4195-Cu static iodide uptake performance with other notable ion-
exchange resins and metal-loaded adsorbents.

Adsorbent Equilibrium uptake Concentration or Reference
capacity (mg g-) concentration range
(mg L)
Duolite A-368 (commercial 60.3 508 [5]
resin, weak base 3° amine)
Duolite ARA-9363 (commercial 66.6 508 [5]
resin, strong base 4°
ammonium)
Ag-doped CuzO nanoparticles  25.4 2.54-25.4 [6]
Micro/nanostructured BizOz.33 285 0.5-700 [7]
CuO/Cu-modified activated 41.2 1-40 [8]
carbon
Cu/azurite composite 136 12,700 [9]
Ca alginate/AgCl composite 152 1270 [10]
Lewatit A365 (commercial 589 + 15 1,000-10,000 [11]
resin, polyamine)
Purolite MTS9850 (commercial 761 + 14 1,000-10,000 [11]
resin, polyamine)
M4195-Cu 305+ 14 50-2,000 This study

In all cases, the highest uptake recorded, under optimal conditions, is given.



XRD spectra of spent M4195-Cu samples after iodide uptake at different pHs

Crystalline species are identified as follows: €= Cul, O= CuO, O= Cu.0.
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Figure S1. XRD spectra of M4195-Cu after equilibration with Nal solutions at pH 11 (pink line) and pH
12 (black line). Spectra of samples at all other pH values are not shown, but were also completely
amorphous.

Investigations into competition effects of nitrate and molybdate
Data treatment

Competition experiments were carried out as described in the main research article. Sample
solutions before and after contact with M4195-Cu, were analysed by ion chromatography
(see main article experimental) and the uptake of each anion by the resin was determined by
mass balancing. The distribution coefficient (Kq) for each anion was calculated as follows:

Ky =X _]/[X_] (Eq. S6)

where [X~] is the concentration of anion immobilized by the polymer (mg g') and [X~] is the
concentration remaining in solution at equilibrium (mg mL-"). The separation factor (S.F.) is
then calculated from Equation S16:

Kax)y

Where X is the ion of interest and Y is a competing ion.



Results

Table S3. Effect of differing cocontaminant molar ratios on uptake of iodide, nitrate and molybdate by
M4195-Cu and associated distribution coefficients. Solution volume = 50.0 mL. Sorbent mass = 100
mg. Contact time = 24 hr. T = 20°C. Errors represent 95% confidence intervals from duplicate

analyses.

Molar ratios (I- |- uptake I Kqg NO; NOs Ky MoO,2 MoO,2 Ky
:NO3:M00,2) (mg g) uptake uptake

(mg g) (mg g)
1:0:0 27.5+21 1.49 £ 0.20 x 105 - - - -
1:1:1 26.8 +3.3 1.48 £ 0.20 x 105 14.1+3.8 8.41+1.2x 104 415+1.8 2.15+0.30 x 105
1:2:2 24.6+6.0 1.45 £ 0.20 x 105 216+ 6.6 6.81+0.89x103 62.0+3.5 3.24 £0.45x 105
1:3:3 229+34 2.68+2.0x 103 21.0+1.0 3.82 £0.21 x 102 91.5+8.6 6.10+5.2x 103
1:4:4 17.7+2.0 2.83+1.5x 103 19.8+3.8 3.41£1.3x102 115+4.4 20.2+25x 103
1:5:5 15.3+2.8 1.17 £0.80 x 103 21.0+1.5 244 +0.14x102 123 + 20 1.82+1.8x 103
1:6:6 18.6+1.8 1.24 £ 0.07 x 103 16.5+ 0.6 1.32 £ 0.03 x 102 160 +5 2.79+1.3x 103
1:7:7 156+1.7 0.841 +0.24x 103 22.3+4.8 1.70 £ 0.45 x 102 130+ 19 0.646 +0.10 x 103
1:8:8 185+1.9 1.27 £0.18 x 103 158+5.4 0.90 £ 0.34 x 102 162 + 36 1.11£1.0x 108
1:9:9 156 £ 3.5 0.782+0.36 x 103 25.0+5.5 1.34 £ 0.35 x 102 185 + 44 0.802 + 0.458 x 103
1:10:10 15.1£0.3 0.695+0.27 x 103 28.3+9.4 1.28 £ 0.62 x 102 186 + 44 0.604 +0.346 x 103

Table S4. Determined separation factors (S.F.s) for iodide verses the two cocontaminants. All
experimental conditions as per Table S3.

Molar ratios (I':NOs- S.F. (I/NOs’) S.F. (I’"M004?)
:Mo00,?)

1:0:.0 - -

1:1:1 4.88 +2.22 1.04 +0.25
1:2:2 13.5+£6.0 0.642+0.14
1:3:3 6.87 + 2.52 0.460 £ 0.025
1:4:4 8.05 + 0.66 0.449+0.24
1:5:5 4.90+1.78 0.816 £ 0.18
1:6:6 9.44+0.13 0.494 £ 0.10
1:7:7 5.31 +1.42 1.35+0.29
1:8:8 15.6 £4.0 2.07 £1.02
1:9:9 6.39 +2.16 1.01 £ 0.07
1:10:10 6.72 + 2.69 1.22+0.12

Dynamic breakthrough models

The Modified Dose-Response model

Cc 1

o= 1T vem

i 1+( eff)
bCj

do = -,

(Eq. S8)

(Eq. S9)

The Dose-Response model was first used to describe biosorption of heavy metals [12], but
has been proven to be useful in modelling the uptake of a range of contaminants via ion-
exchange adsorbents [13, 14]. In these equations Ve is the volume of solution eluted from
the column (mL), a and b are constants of the Dose-Response model, qois the theoretical



maximum uptake capacity of the resin in a dynamic environment (mg.g') and m is the dry
mass of resin (g).

The Adams-Bohart (AB) model

c 1
‘i 1+e(%3)(q0m_civeff) (Eq. 510)

This model assumes an irreversible adsorption isotherm and does not consider intra-particle
diffusion processes. It should be noted that the AB model, given in this simplified form, is
often incorrectly cited as the Thomas model and data which fits the equation is assumed to
represent a system controlled by 2"d-order kinetics, with the rate-limiting step being
interfacial mass-transfer. Chu showed that the actual Thomas model is more complicated
and assumes a Langmuir adsorption isotherm. However, when adsorption is particularly
favourable, the Thomas model simplifies to the AB model and these assumptions may be
valid [15]. In Eg. S10, C = concentration of the species of interest in the effluent at a given
time (mg.L"), Ci = concentration in the inlet to the column (mg.L"), kas = Adams-Bohart rate
constant (mL.min-'.mg"), Q = flow rate (mL.min"), go = theoretical maximum capacity of the
resin on a dry mass basis (mg.g') m = dry mass of resin in column (g) and Vest = volume of
effluent (mL).
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Figure S2. Breakthrough curve for Purolite MTS9850 with iodide, 10 meq nitrate and 10 meq
molybdate solution, fitted to the Dose-Response (pink line) and Adams-Bohart (blue line) dynamic
breakthrough models. Resin BV = 5.50 mL. Inlet [I] = 2.00 g.L-'. Flow rate = 1 BV.hr1. T = 20°C.
Error bars represent the approximate 95 % confidence intervals, derived from 3 x electrode
measurements.
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Figure S3. Raw data for M4195-Cu column loading and breakthrough experiment with iodide only
solution. Resin BV = 5.50 mL. Inlet [I-] = 2.00 g.L-'. 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 S4. Raw data for M4195-Cu column loading and breakthrough experiment with iodide, 10 meq
nitrate and 10 meq molybdate solution. Resin BV = 5.50 mL. Inlet [I-] = 2.00 g.L-'. Flow rate = 1 BV.hr-
1. T =20°C. Error bars represent the approximate 95 % confidence intervals, derived from 3 x
electrode measurements.

FTIR characterisation

ATR FTIR spectra for samples of resin at different processing stages are shown in Fig. S5-6.
Samples were prepared for analysis as described in the main article. The tentative spectral



peak assignments are displayed in Tables S5-6. Assignments were based on the studies of
Green et al. [16], Refat et al. [17] and Wang et al. [18]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm')

Figure S5. FTIR spectrum of M4195 resin, as-delivered by the manufacturer (purple line) and M4195-
Cu (pink line)

Table S5. Assignment of FTIR spectral peaks for M4195 resin.

Peak Assignment
3386 N-H st.
3055 and 3021 Aromatic C-H st.
2911 and 2841 Aliphatic C-H st.
1685 (shoulder) N-H bend
1627 Pyridyl C=N st.
1590 Pyridyl C=C st.
1571 Phenyl C=C st.
1511 Phenyl C=C st.
1471 Pyridyl C=C st.
1436 sp3 C-H bend (-CHz-)
1370 Sulfate S=0 st.
1298 Aliphatic C-N st.
1094 Pyridyl ring breathing, in-plane
1047 Pyridyl ring breathing, in-plane
996 Phenyl ring breathing, in-plane
Pyridyl C-H sp2 bend (mono substituted), out-of-
767 plane
Phenyl C-H sp2 bend (mono substituted), out-of-
702 plane
584 Ring deformation



S

4000 3500 3000

2500 2000 1500 1000 500
Wavenumber (cm™')

Figure S6. FTIR spectrum of M4195-Cu resin (blue line). M4195-Cu after equilibrium contact with
1.00 g L' I (purple line and M4195-Cu after equilibrium contact with 1.00 g.L-* I and 6 molar
equivalents organic l.. N-H bend region highlighted.

Table S6. Assignment of FTIR spectral peaks for M4195-Cu resin samples from Fig. S6.

Peak Assignment

3386 N-H st. and O-H st.
3023 Aromatic C-H st.
2908 Aliphatic C-H st.

1739 (iodine treated samples only)
1688 (shoulder)
1610

1573

1481

1445

1287

1156

1101

1052 and 1030
998

854

812

767

702

653

546

Unknown

N-H bend (intensity reduced upon iodine contact)
Pyridyl C=N st.

Phenyl C=C st.

Pyridyl C=C st.

sp3 C-H bend (-CHz-)

Aliphatic C-N st.

Aliphatic C-N st.

Pyridyl ring breathing, in-plane

Pyridyl ring breathing, in-plane

Phenyl ring breathing in-plane

Phenyl group sp2? bend (paradisubstituted), out-of-plane
Phenyl group sp2? bend (paradisubstituted), out-of-plane
Pyridyl C-H sp2 bend (mono substituted), out-of-plane
Phenyl C-H sp2 bend (mono substituted), out-of-plane
Ring deformation

Ring deformation



Additional FTIR spectra were produced, using the KBr disk method, for better visualisation of
the C-H st. region, which show the decrease in relative intensity of the C-H st. peaks for
M4195-Cu samples treated with iodide and iodine. It is seen in the figure below that for the
pre-contact sample, the C-H st. is close to the same intensity as the aromatic C=C st.,

whereas for the post-contact sample, it is relatively weaker.
A
\

4000 3500 3000 2500 2000 1500 1000 500
Title

Figure S7. KBr FTIR spectrum of M4195-Cu (yellow line) and M4195-Cu after equilibrium contact
with 1.00 g.L-' I and 6 molar equivalents organic I» (green line).

Determination of deprotonation via iodide- and iodine-loading
A number of batch equilibrium experiments were conducted, as described in the main

research article, with both iodide and mixed iodide/iodine systems. In all cases, the pH of the
contact solution was measured before and after equilibration.

0.0025 -
1 4
’g* 0.002 ]
] a
£ 0.0015 | =
e ]
U
$ 0.001 ]
o ]
% 0.0005 ]
o+ ¢ e
0 500 1000
Initial [I] (mg L)

Figure S8. Release of protons into solution from contact of 1 g.L-* iodide (®) and 1 g L' iodide with 6

molar equivalents iodine (1) with M4195-Cu. Error values (95% confidence intervals) derived from 3 x

electrode measurements, but are too small to be graphically represented. Solution volume = 50.0 mL.
Sorbent mass = 100 mg. Contact time =24 hr. T = 20°C.
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RAMAN characterisation
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Figure S9. RAMAN spectra of M4195-Cu after equilibrium contact with 1.00 g.L-* |- (left) and M4195-
Cu after equilibrium contact with 1.00 g.L-' I- and 6 molar equivalents organic I (right).

Wavenumber (cm') Wavenumber (cm')

Figure S10. RAMAN spectra of MTS9850 after equilibrium contact with 1.00 g.L-! I- (left) and
MTS9850 after equilibrium contact with 1.00 g.L-! |- and 6 molar equivalents organic I» (right).

Solid state NMR characterization
Experimental

Solid-State NMR samples were packed into 4 mm zirconia rotors and transferred to a Bruker
Avance IIl HD spectrometer. 1D 'H-'3C and 'H->N cross-polarisation magic angle spinning
(CP/MAS) NMR experiments were measured at 500 ('H), 126 ('3C) and 50.8 (°*N) MHz at
the MAS rate of 10.0 kHz. The 'H 172 pulse was 3.4 us, and two-pulse phase modulation
(TPPM) decoupling was used during the acquisition. The Hartmann-Hahn condition was set
using hexamethylbenzene. The spectra were measured using a contact time of 2.0 ms. The
relaxation delay D+ for each sample was individually determined from the proton T
measurement (D1 = 5 x T1). Samples were collected until sufficient signal to noise was

11



observed, typically greater than 256 scans. The values of the chemical shifts are referred to

that of TMS.
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Figure S11. 13C solid state NMR spectrum of M4195 (pink line), M4195 after equilibrium contact with
1.00 g.L-1 |- (yellow line) and M4195 after equilibrium contact with 1.00 g.L-* I and 6 molar equivalents
organic Iz (blue line). *= spinning side bands.

v MMM»NJ\/\\\‘
200 150

At oA ALV e SV WA
,-w\:m A . - N 'w«MwijM
250 1 OO 50 0 -50

Chemical shift (ppm)

Figure S12. 13C solid state NMR spectrum of M4195-Cu (red line), M4195-Cu after equilibrium
contact with 1.00 g.L-' I- (green line) and M4195-Cu after equilibrium contact with 1.00 g.L-' I-and 6
molar equivalents organic I (purple line).
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Figure S13. 15N solid state NMR spectrum of M4195 (pink line) and M4195 after equilibrium contact
with 1.00 g.L-' I and 6 molar equivalents organic I» (blue line).

XPS characterization
Experimental
Samples were all prepared by pushing the submitted powders into indium foil.

The analyses were carried out using a Kratos Supra instrument with a monochromated
aluminium source and two analysis points per sample. The analysis area was 700 ym by
300 ym. Charge neutralisation was used throughout. The survey scans were collected
between 1200-0 eV, at 1 eV energy resolution, and two 300 second sweeps. High resolution
O 1s, C 1s, N 1s, S 2p and, where appropriate, Cu 2p, | 3d, Cl 2p, Mo 3d and Cu Auger
scans were collected over an appropriate energy range at 0.1 eV energy resolution.

The data collected was calibrated in intensity using a transmission function characteristic of
the instrument (determined using software from NPL) to make the values instrument-
independent. The data was then quantified using theoretical Schofield relative sensitivity
factors. All data was calibrated relative to a C 1s position of 285.0 eV for C-C/C-H type
carbon environments.

Post-contact samples were produced by contacting 100 mg of M4195-Cu with 50 mL contact
solution. For all iodide-treated samples, initial [I] was 1.0 g.L™'. For I/I>- treated samples, 6
molar equivalents organic |> was used. For cocontaminant-treated samples, 10 molar
equivalents NO3 and 10 molar equivalents MoO42 were used.

13



Table S7. Surface composition (atomic %) of M4195 samples at various processing stages,
determined by quantifying XPS surface scans.

Sample Cu | [o) In N C Mo Cl S Si
M4195 a <0.1 0.1 6.6 <0.1 8.4 83.4 <0.1 <0.1 1.4 0.2
M4195 b <0.1 0.1 71 0.6 8.2 82.5 <0.1 <0.1 1.3 0.2
M4195-Cu a 1.9 0.4 7.6 3.6 6.8 75.8 <0.1 3.8 0.2 0.1
M4195-Cu b 2.1 0.4 3.0 <0.1 8.8 81.2 <0.1 4.2 0.2 <0.1
M4195-Cu + |- a 3.8 4.8 3.0 <0.1 8.6 79.6 <0.1 0.3 <0.1 <0.1
M4195-Cu + I-b 3.8 4.9 2.4 <0.1 8.5 80.1 <0.1 0.4 <0.1 <0.1
M4195-Cu+ -+, a 4.2 5.4 4.0 1.4 8.0 76.3 <0.1 0.7 <0.1 <0.1
M4195-Cu+ -+ 1, b 4.5 5.9 2.2 0.0 8.6 78.2 <0.1 0.6 0.1 <0.1
M4195-Cu+ I+ I, ¢ 4.2 5.3 4.2 1.8 7.8 76.0 <0.1 0.7 <0.1 <0.1
M4195-Cu + I + NOs + MoO42 a 3.0 2.4 6.4 <0.1 11.6 74.4 1.4 0.2 <0.1 0.6
M4195-Cu + I + NOs + MoO.2 b 3.3 2.6 9.0 1.1 13.6 67.9 1.5 0.3 <0.1 0.6
M4195-Cu + I + NOs + MoO.2 ¢ 2.8 2.1 7.2 0.1 11.4 74.7 1.4 <0.1 <0.1 0.3

Notes: Samples where substantial In/Si contamination was observed were run in triplicate. The N % in
the cocontaminant-treated samples includes a contribution from suspected Mo 2p satellites.

Table S8. Results of curve-fitting of high-resolution N 1s scans. B.E. = binding energy. Suspected Mo
2p satellites not presented.

Environment

Quarternary

Pyridyl ammonium Nitrate

B.E. %At B.E. %At B.E. %At
Sample (eV) Conc (eV) Conc (eV) Conc
M4195 a 398.4 82.4 400.7 17.6
M4195 b 398.5 79.9 400.8 20.2
M4195-Cu a 399.1 93.5 401.4 6.5
M4195-Cu b 399.1 93.6 401.6 6.4
M4195-Cu ¢ 399.0 915 401.5 8.5
M4195-Cu + |- a 399.1 94.9 401.3 5.1
M4195-Cu + I b 399.1 94.7 401.4 5.3
M4195-Cu + I +
l2a 399.3 93.0 401.5 7.0
M4195-Cu + I +
l2b 399.3 92.5 401.5 7.6
M4195-Cu + I +
l2c 399.3 90.1 401.5 9.9
M4195-Cu + I +
NOs + MoO42 a 399.2 85.9 401.4 6.9 405.8 71
M4195-Cu + I +
NOs + MoO42 b 399.2 85.3 4011 8.5 405.7 6.2
M4195-Cu + I +
NOs + MoO42 ¢ 399.2 87.3 401.4 6.2 405.7 6.6

14



Table S9. Results of curve-fitting of high-resolution Cu 2p scans. L = bispicolylamine ligand.

Sample Environment

Cu(l)L, Cu(ll)L, Cu(l)L Cu(ll)L Satellite

B.E. %At B.E. %At B.E. %At B.E. %At %At

(eV) Conc (eV) Conc (eV) Conc (eV) Conc Conc
M4195-Cu a 931.7 13.1 933.7 52.5 34.4
M4195-Cu b 931.8 15.7 933.8 47.9 36.5
M4195-Cu + |- a 928.7 13.6 931.1 35.7 933.7 30.9 19.8
M4195-Cu + I b 928.7 13.4 931.2 37.0 933.7 30.0 19.6
M4195-Cu+ -+, a 929.1 14.3 931.1 25.2 933.8 36.2 243
M4195-Cu+ I-+ 2 b 928.9 13.3 931.1 27.2 933.7 35.3 243
M4195-Cu + I- + NO5 + 928.8 6.9 931.2 31.8 933.8 33.3 28.0
MoO42 a
M4195-Cu + I- + NO5 + 928.7 7.8 931.2 34.9 933.7 33.7 23.7
MOO42' b

Table S10. Results of curve-fitting of high-resolution | 3d5/> scans. L = bispicolylamine ligand.

Sample Environment

lodide Triiodide (tentative)

B.E. (eV) %At Conc B.E. (eV) %At Conc
M4195-Cu + |- a 617.9 94.4 619.7 5.6
M4195-Cu + |- b 618.0 94.6 619.7 5.4
M4195-Cu + I+, a 618.1 88.9 619.6 111
M4195-Cu + I + I, b 618.2 90.4 619.7 9.6
M4195-Cu + I+l c 618.1 87.7 619.6 12.3
M4195-Cu + I + NOg + MoO.2 a 618.0 93.2 619.5 6.8
M4195-Cu + I + NOg + MoO42 b 618.1 90.0 619.7 10.0
M4195-Cu + I + NOs + MoO.2 ¢ 618.1 96.1 620.1 3.9

UV-vis spectra of desorbed iodine species

Experimental

5.0 mg of resin, at various process stages, was contacted with 5.0 mL methanol. These
were sealed in a glass scintillation vial and agitated, via orbital shaker for 8 hr. The resulting
solution was diluted to appropriate concentration, if necessary, and analysed as described in
the main research article. For reference, the spectra of pure Nal and > were also collected.

We also contacted a further Nal sample with a 20 uL spike of concentrated HNOs, to form
the triiodide in solution for analysis.
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Results

Absorbance (a.u.)

lodide

/

Contamination
from resin

Triiodide

/

lodine

(not present)

150 200

Wavelength (nm)

250 300 350 400 450

——M4195-Cu only (no iodine) ——M4195-Cu + iodide

M4195-Cu + iodide + iodine ——M4195 + iodide
——M4195 + iodide + iodine  ——MTS9850 + iodide
——MTS9850 + iodide + iodine

500

550

Figure S14. UV-vis spectra of attempted back extraction of iodine species into methanol from spent
resin samples. M4195-Cu + iodide was diluted by a factor of 2. M4195-Cu + iodide + iodine was
diluted by a factor of 100. All other samples undiluted. In the original Nal contact solution, initial [I-]
was 1.00 g L and in the original Nal/l; contact solution, initial [I-] was 1.00 g.L-' with 6 molar

equivalents I».
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Figure S15. UV-vis spectra of iodine species in solution, made by dissolution of analytical reagents,
for comparison to S14.

XRD spectra of combusted and partially-combusted resin samples

Experimental

Samples of resins were contacted with various iodine-containing solutions and equilibrated,
using the same batch conditions as described in the main research article. In all contact
solutions, initial [I] was 1.00 g.L'. The Nal/l> contact solution contained 6 molar equivalents
l.. The Nal/cocontaminants solution cointained 10 molar equivalents of nitrate and
molybdate.

The spent resin samples(~0.5 g) were placed in silica crucibles and heated to either 350 or
600 + 25°C in a Vecstar ashing furnace, with temperature maintained for >1 hr. Samples
were removed from the crucibles and analysed by powder XRD, as described in the main
research article. In some cases, the crucible was broken into fragments and analysed using
bulk sample holders.
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Results

Crystalline species are identified as follows: €= Cul, O= CuO, O= Cu.0, v= Si0,, *=

CuMoOQsa.
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Figure S16. X-ray diffractograms for resin samples treated with various iodine-containing solutions.
Green lines = samples heated to 350°C. Red lines = samples heated to 600°C (a) M4195 + iodide, (b)
M4195 + iodide + iodine, (€) MTS9850 + iodide, (d) MTS9850 + iodide + iodine, (€) M4195-Cu +
iodide, (f) M4195-Cu + iodide + iodine, (g) M4195-Cu + iodide + cocontaminants, (h) M4195-Cu +
iodide + iodine (used silica crucible).
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