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Time-Resolved and Steady-State Irradiation of Hydrophilic
Sulfonated Bis-triazinyl-(bi)pyridines — Modelling Radiolytic
Degradation

Gregory P. Horne,*? Stephen P. Mezyk,? Nicole Moulton,® Julie R. Peller,c and Andreas Geist?

Efficient separation of the actinides from the lanthanides is a critical challenge in the development of a more sophisticated
spent nuclear fuel recycling process. Based upon the slight differences in f-orbital distribution, a new class of soft nitrogen-
donor ligands, the sulfonated bis-triazinyl-(bi)pyridines, has been identified and shown to be successful for this separation
under anticipated, large-scale treatment conditions. The radiation robustness of these ligands is key to their
implementation; however, current stability studies have yielded conflicting results. Here we report on the radiolytic
degradation of the sulfonated 2,6-bis(1,2,4-triazine-3-yl)pyridine (BTP(S)) and 6,6'-bis(1,2,4-triazin-3-yl)-2,2’-bipyridine
(BTBP(S)) in aerated, aqueous solutions using a combination of time-resolved pulsed electron techniques to ascertain their
reaction kinetics with key aqueous radiolysis products (e,q”, H*, “OH, and °NO;), and steady state gamma radiolysis in
conjunction with liquid chromatography for identification and quantification of both ligands as a function of absorbed dose.
These data were used to construct a predictive deterministic model to provide critical insight into the fundamental radiolysis
mechanisms responsible for the ligands’ radiolytic stability. The first-order decays of BTP(S) and BTBP(S) are predominantly
driven by oxidative processes (*OH and, to a lesser extent, H,0,), for which calculations demonstrate that the rate of
degradation is inhibited by the formation of ligand degradation products that undergo secondary reactions with the primary
products of water radiolysis. Overall, BTP(S) is ~20% more radiolytically stable than BTBP(S), but over 90% of either ligand is

consumed within 1 kGy.

Introduction

Efficient separation of the f-elements from one another (4f
lanthanides and 5f actinides) and from other elements is key to
a sustainable future of advanced technologies and clean nuclear
energy,'® especially with environmental stewardship factors
favouring recovery and recycling methods as opposed to
continued geological exploitation. Further, the future of nuclear
energy relies on minimizing nuclear waste whilst maximizing
cost-effectiveness. These avenues of import are fulfilled by
closing the nuclear fuel cycle, to harness the maximum energy
content of uranium and plutonium based fuels, through the use
of a more sophisticated spent nuclear fuel recycling process.
Such a process needs to minimize the number of extraction
cycles and solvent system constituents, while being able to
separate all of the actinides from a given spent nuclear fuel
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matrix. This requires an efficient means of partitioning the
trivalent actinides (An(lll)) and lanthanides (Ln(lll)), a
particularly challenging separation owing to their chemical
similarity.>12

Despite their likeness, the An(lll) exhibit sufficient covalent
character in their metal-ligand bonds to facilitate selective
complexation over the Ln(l11).131% This approach has been
extensively studied, and has resulted in the synthesis of several
hundred soft nitrogen- and sulphur-donor ligands for liquid-
liquid separations.’’-2! Of these, the tridentate 2,6-bis(1,2,4-
triazine-3-yl)pyridines (BTPs)?23¢ and the tetradentate 6,6'-
bis(1,2,4-triazin-3-yl)-2,2’-bipyridines (BTBPs)3’** have shown
most promise. Initially designed as hydrophobic extractants to
support Selective Actinide EXtraction (SANEX)%-4¢  from
traditional Plutonium Uranium Reduction EXtraction (PUREX)
process streams, they have recently been repurposed as
hydrophilic complexants.*?>% First lab-scale demonstration
tests applying a hydrophilic BTP have successfully been
performed, advancing the European Innovative-SANEX (i-
SANEX)®> and GANEX>® concepts. Such processes provide an
effective alternative to the Trivalent Actinide Lanthanide
Separation with Phosphorus-Reagent Extraction from Aqueous
Komplexes (TALSPEAK) process: wherein an acidic, hydrophobic
organophosphorous complexant promotes co-extraction of all
actinides and lanthanides into an organic phase, followed by an
actinide-selective  back-extraction using a hydrophilic
polyaminocarboxylate ligand.>”*8 Recent i-SANEX approaches
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Figure 1. Chemical structures of (a) 2,6-bis[5,6-di(sulfonylphenyl)-1,2,4-triazin-3-yl] pyridine tetrasodium salt (BTP(S)) and (b)
6,6’-bis[5,6-di(3-sulfonylphenyl)-1,2,4-triazin-3-yl]-2,2’-bipyridine tetrasodium salt (BTBP(S)).

use a hydrophobic diglycolamide (tetraoctyldiglycolamide -
TODGA)>? for co-extraction of the An(lll) and Ln(ll1), followed by
An(Ill) recovery by water-soluble, hydrophilic derivatives of BTP
or BTBP dissolved in dilute aqueous nitric acid (HNOs).
Tetrasulfonated BTBP, combined with TODGA, enable the back
extraction of An(lll) with high selectivity over Ln(lll) (e.g.,
SFeu/am = 500—1000) over a range of nitric acid concentrations
(0.3 — 1 M) without the need for buffers,*®51 which are critical
for the restricted pH range (2 - 3) of the TALSPEAK process.
However,
radiolytically robust, owing to the multi-component radiation
field generated by the back-extracted An(lll). The radiation
chemistry of aqueous solutions is predominantly driven by the

these hydrophilic derivatives need to be

primary products of water radiolysis, given by reaction (1),
where the numbers in brackets are the radiolytic yields of
deposited energy (G-values uM J-1) for species production.®®

H,0 > [0.28]°OH + [0.06]H"* + [0.27]e,4™ + [0.05]H, + [0.07]H,0,
+[0.27]H,4* (1)

The interaction of these primary radiolysis species with
solutes dissolved in the aqueous phase of a typical solvent
system lead to their degradation, thereby limiting the lifetime
of a complexant as a function of its respective concentration
and susceptibility to reaction. With respect to the
tetrasulfonated derivatives of BTP and BTBP (BTP(S) and
BTBP(S), respectively) shown in Figure 1, radiation testing has
been limited to a handful of conflicting studies. Galan et al.
investigated the stability of 10 mM BTP(S) dissolved in 0.5 M
HNOs as a function of steady-state gamma (y-) irradiation (50
to 1000 kGy).6! Under dilute HNO3 conditions the key radiolysis
products are the hydroxyl radical (*OH, E° = 2.7 V)74, hydrogen
peroxide (H,0,, E° = 1.8 V), nitrous acid (HNO,, E° = 0.984 V),
and, to a lesser extent, the hydrogen atom (H*, E°=-2.3 V)"#and
nitrate radical (*NOs, E° = 2.3 — 2.6 V)52, generalized by the
following reactions:63-68

110 fs 240 fs
T epe’ T €aq (2)

k=22 X 1012M1s?

e
€pre + Hag" = H*®
(3)
€y +Hag" 2 H*
(4)
NO;3™ + epre” - HNO,
(5)
NO;™ + 54~ =--= HNO,
NO3™ + H* —...~ HNO,

k=23 X 1010 M-1s?
k=1.0 X 103 M1s?
k=9.7 X 10°M-1s(6)

k=1.0 X 107 M-1s71(7)

2 | Dalton Trans., 2019, 00, 1-3

HNO3 + *OH = *NO; + H,0 k=1.9 X 10’ M5! (8)
HNO, + H,0, = NO3~ + H,0 + Hyg* k= 1.9 X 107 M~ts! (9)

Galan et al. reported significant ligand degradation, with
~90% of BTP(S) consumed within 250 kGy.?* However, ligand
degradation was indirectly followed using %*!Am and 52Eu
distribution ratios, established upon contacting the irradiated
BTP(S) solutions with an unirradiated organic phase: 0.2 M
TODGA/5% 1-octanol/kerosene. This approach does not
account for the potential of BTP(S) degradation products being
soluble in the organic phase and coordinating Am(lll), thereby
distorting 24*Am/152Eu distribution ratios, especially considering
the complexing nature of the hydrophobic/lipophilic BTPs and
BTBPs.2244 This is supported by their observation of a
sulphurous odour for absorbed gamma doses =200 kGy, and
detection of the loss of the water solubilizing sulphonate
functional Further, no quantitative mechanistic
explanation/interpretation was provided for the radiolytic
degradation of BTP(S), which is paramount for the design of
predictive computer models to inform process design.

groups.

Peterman et al. employed a more applied approach using a
bespoke solvent irradiation test loop to assess the performance
of BTP(S) under envisioned i-SANEX process conditions: 18 mM
BTP(S) in 0.35 M HNOj irradiated in contact with a 0.2 M
TODGA/5% 1-octanol/n-dodecane organic phase.®® In contrast
to previous work, no significant BTP(S) degradation up to doses
of 175 kGy was reported — indirectly determined by distribution
ratios of 241Am, 139Ce, and 152/154y — despite the measurement
of increasing dissolved sulphate concentration with absorbed y-
dose. Thus, BTP(S) degradation was found to have little impact
upon the performance of the i-SANEX process. However, no
explanation has yet been provided to account for the disparity
between the two irradiation studies, beyond the qualitative
invocation of biphasic media and constant dissolved oxygen
completely altering single phase radiation chemistry. Firstly, the
presence of an additional less-dense phase adds the
complexities of mass transfer and the formation of additional
degradation products. However, time-resolved experiments
would provide critical insight as to whether such competition
kinetics is likely to affect the presumed array of reactions
responsible for BTP(S) degradation. Secondly, with or without
dissolved oxygen (~0.25mM in aqueous solutions), the
presence of the nitrate anion (NO3~) affords the same effect,
i.e., inhibition of the hydrated electron (e,q”, E°=72.9 V) and H*

This journal is © The Royal Society of Chemistry 20xx
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chemistries. Compare reactions (5), (6), and (7) with the
following:

O, + e, = 0, k =19 X 101 M1 s
(10)
0, + H* = HO," k =12 X 101 M st
(11)

Despite the importance of performing experiments under as
realistic a scenario as possible, the absence of quantitative
mechanistic insight afforded by more fundamental studies
negates the ability to assemble reaction sets for inclusion in
predictive computer models that can accommodate/respond to
changes in solvent system formulation, thereby affording a
more effective assessment of process system performance and
development.

In light of conflicting studies, absence of direct ligand
degradation  measurements, and sound mechanistic
interpretation, we report a thorough characterization of the
radiolytic degradation of BTP(S) and BTBP(S) in aerated, single-
phase, aqueous solutions using a combination of: (i) time-
resolved pulsed electron techniques to ascertain the reaction
kinetics of both ligands with key aqueous radiolysis products
(eaq”, H*, "OH, and °NOj3); and (ii) steady state y-radiolysis in
conjunction with liquid chromatographic techniques for
identification and quantification of both ligands as a function of
absorbed dose. The data were used to construct a predictive
deterministic model to provide critical insight into the
fundamental radiolysis mechanisms responsible, providing a
baseline from which future studies can extrapolate to more
complex systems, e.g. dilute HNOs; or biphasic j-SANEX
conditions.

Experimental

Materials

2,6-bis[5,6-di(3-sulfonylphenyl)-1,2,4-triazin-3-yl] pyridine
tetrasodium salt (BTP(S), 98% Technocomm Ltd), 6,6’-bis[5,6-
di(3-sulfonylphenyl)-1,2,4-triazin-3-yl]-2,2’-bipyridine
tetrasodium salt (BTBP(S), synthesised according to°%79),
potassium thiocyanate (KSCN, >99.0% ACS Reagent Grade,
Sigma-Aldrich), tertiary butanol (tBuOH, 299.5% Sigma Aldrich),
and nitric acid (HNO;, 299.999% Trace Metals Basis Sigma-
Aldrich) were used as received without further purification.
Ultra-pure water (> 18.2 MQ) was used for all aqueous
solutions.

Irradiations

Steady-State. Gamma irradiations were performed using a
Nordion Gammacell 220 and a Shepherd 109-68 cobalt-60
irradiator unit at the Notre Dame Radiation Laboratory (NDRL).
Samples consisted of 50 mL aerated aqueous stock solutions of
each ligand irradiated in a sealed screw-cap glass vessel. At
specific absorbed gamma dose intervals, samples were
extracted for quantification of BTP(S) or BTBP(S). Dosimetry was
determined using Fricke solution,’ subsequently corrected for
60Co decay (t'/, = 5.27 years), affording a dose rate of 0.017 and

This journal is © The Royal Society of Chemistry 20xx
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0.313 Gy s, for the Nordion and Shepherd irradiator units,
respectively.

Time-Resolved. Reaction kinetics were determined using the
NDRL nanosecond pulsed electron linear accelerator facility. A
detailed description of the irradiation procedure and transient
absorption detection system has been given previously.”>73
Dosimetry was determined using N,O saturated solutions of
10 mM KSCN at Amax = 472 nm (Ge = 5.2 X 10 m? J1).74
Isolation and reaction kinetics of specific radicals were achieved
using the following conditions:

e Hydrated Electron (e,q). Direct decay kinetics observed at
720 nm using N, saturated aqueous solutions of 0.5 M
tBuOH and 10 mM phosphate buffer at pH 7.01 for both
compounds.

e Hydrogen Atom (H°). Direct growth kinetics of the
BTP(S)/BTBP(S) transients observed at the peak transient
absorbances of 400 and 420 nm, respectively, using N,
saturated solutions containing 20 mM tBuOH and 10 mM
phosphate buffer at pH 2.0.

e Hydroxyl Radical (*OH). Direct growth kinetics of the
BTP(S)/BTBP(S) transient observed at 400 nm for both
species, using N,O saturated solutions of 10 mM
phosphate buffer at pH 7.00.

e Nitrate Radical (*NO3). Direct decay kinetics observed at
630 nm using N,0 saturated aqueous solutions of 6.0 M
HNO; for both compounds

All transient absorption measurements were made using a
1.0 cm optical pathlength quartz flow cell, with flow rate and
temperature regulated to ensure that each electron pulse
irradiated a fresh sample. Solution temperatures were directly
measured by an in-flow thermocouple placed immediately
above the irradiation cell. The temperature stability of the
system was better than 0.3 °C. Kinetic traces were generated
through averaging 8-16 individual measurements. Quoted
errors for the reaction rate coefficients are a combination of
measurement precision and sample concentration errors.

Quantification

Liquid chromatography-mass spectrometry (LCMS) analysis
was performed at Valparaiso University using a Waters™
Acquity UPLC H-class system equipped with a QDa detector.
Chromatographic  separations were performed  with
a Waters™ Acquity UPLC BEH C18 column (1.7 um, 2.1 x 50
mm) and a gradient flow beginning with 10% acetonitrile (0.1%
formic acid) and 90% water (0.1% formic acid), changing to 60%
acetonitrile and 40% water at 4.0 minutes. The solvent
returned to the initial formulation at 6.0 minutes. The solvent
flow rate was 0.23 mL min!, with the column and sample
compartment temperatures held constant at 20°C. Mass
spectrometry was utilized in positive scan mode, with a cone
voltage of 15 V and a capillary voltage of 1.5 kV. BTP(S) and
BTBP(S) were detected and analysed using selected ion
recording (SIR) at m/z = 862 and 939, respectively. Degradation
products were observed for BTP(S) at m/z =438, and for BTBP(S)
at m/z = 515, 543, and 572. Quantification was not possible as

Dalton Trans., 2019, 00, 1-3 | 3
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their structures were not characterized, and thus standards
were not able to be prepared.

Dalton Transactions

Reaction Kinetics Modelling

Deterministic calculations were performed to model the
reaction kinetics of the above systems. Reactions are expressed
as a series of coupled ordinary differential equations and solved
using the FACSIMLE numerical algorithm (MCPA software). The
chemical reaction set reflects water radiolysis compilations by
Buxton et al.®® and Elliot and Bartels,”> and experimental
reaction kinetics determined in this work. Where experimental
data were absent,
calculated.

optimised kinetic parameters were

Table 1. Rate coefficients for the reaction of BTP(S) and BTBP(S) with e,5", H*, *OH, and *NOs.

Rate Coefficient (k)
Ligand (10°M1s7Y)

€aq” He *OH *NO;
BTP(S) 16.0+0.2 3.07+0.11 2.48+0.14 (3.72+£0.13) X 1072
BTBP(S) 7.98 £0.26 5.20+0.18 4.24 +0.05 (1.04 £0.07) X 1072

Results and Discussion

Reaction Kinetics

The free-radical induced radiolytic degradation of BTP(S)
and BTBP(S) in the aqueous phase may be driven by reduction,
through e,q~ and H® reactions, and/or oxidation by *OH, and
*NO; radicals. To elucidate their respective reactivity, time-
resolved nanosecond pulse radiolysis was performed to
determine reaction rate coefficient values. All four radical
species were found to react with BTP(S) and BTBP(S), the rate
coefficients for which are given in Table 1. Typical data for the
reaction of *OH with the sulfonated bis-triazinyl-(bi)pyridines
are shown in Figure 2. Analogous data for the remaining
transients can be found in Supplementary Information.

Reaction of the °OH, e,s, and H* are all fast, ca.
5 X 10°M1s! at room temperature. The slightly greater
reactivity of *OH and H* for the BTBP(S) compound, plus the
transient absorption spectra obtained, indicate that these
radicals are adding to the extended conjugated system of these
molecules.®° For the *NO; radical, significantly lower reactivity

4 | Dalton Trans., 2019, 00, 1-3
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Figure 2. (a) Transient spectra for the oxidation product of the
hydroxy! radical reaction with BTBP(S) for 202.6 uM BTBP(S).
Spectral intensity measured at the end of kinetic growth (~5-6
us after pulse, see Inset). Inset: kinetic growth behaviour in pH
7.02, N,O-saturated aqueous solution at 22.2 °Cin the presence
of 38.5 (Black), 82.3 (Red), 120.3 (Green), 158.1 (Blue), and
202.6 (Magenta) uM BTBP(S). (b) Second-order determination
of the rate coefficient for the hydroxyl radical reaction with
BTP(S)(M) and BTBP(S)(®), based upon pseudo-first-order
exponential growth fits to raw kinetic data. Solid lines are
weighted linear fits, with slopes corresponding to the second-
order rate coefficient: kgrp(s) = (2.48 £ 0.14) X 10° M s?and
kBTBP(S) = (424 + 005) X 10° M1st,

This journal is © The Royal Society of Chemistry 20xx
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is measured for both ligands, suggesting an abstraction reaction
(either electron abstraction from one of the sulphur atoms, or
hydrogen atom abstraction) occurs instead. The absolute molar
extinction coefficient (g) values (M™' cm™!) plotted for the
transient spectra obtained for these radicals’ reactions were
calculated using standard scavenging yield
equations.”®

cooperative

Ligand Degradation Rates

160 — T T T T T

S
o
T

N
o
T

o
s}
T

@
o
T

60

Concentration / uM

20

0 100 200 300 400 500 600
Absorbed Gamma Dose / Gy

Figure 3. Gamma radiolysis of BTP(S) (M) as a function of absorbed
gamma dose. Curves are from deterministic reaction kinetics
calculations predicting the change in concentration of: BTP(S)
without secondary degradation product reactions with *OH (Dashed
Black); and with secondary degradation product reactions with *OH
(Solid Black) and the cumulative reaction concentrations of BTP(S)
with "OH (Solid Red), e, (Solid Blue), and H* ( )

Both BTP(S) and BTBP(S) exhibit first-order decay kinetics,
affording dose constants’’ of -1.84 and -2.24 X 1073 Gy?,
respectively. BTBP(S) degrades ~20% faster than BTP(S) in
water. This effect may be rationalized by considering its higher
rate coefficient (Table 1) for the reducing products of water
radiolysis, i.e. e, and H*. However, modelling these systems
provides significantly greater insight into the fundamental
reaction mechanisms contributing to total ligand degradation.
The radiolytic degradation of BTP(S) and BTBP(S) as a function
of absorbed y-dose are given in Figure 3 and Figure 4,
respectively. These data demonstrate that <600 Gy is needed to
have significant BTP(S) and BTBP(S) degradation. Although
quantitative comparison to large-scale conditions is difficult, as
reprocessing radiolytic doses depend strongly on fuel burnup
and cooling times, these low dose values are consistent with
previous calculations of dose-rates and doses experienced by a
SANEX solvent (up to 800 Gy/h for MOX-45 fuel).”® However,
these ligands are designed to recover An(lll) following their
separation from the bulk of short-lived fission products, and are
not intended for recycle. Consequently, envisioned dose rates
are expected to be much lower. Calculations show that ligand
degradation is predominantly driven by oxidative processes
(*OH and, to a lesser extent, H,0,), owing to the aerated
conditions ([O;] = 0.25 mM) of these experiments. Scavenging
by O,, reactions (10) and (11), renders contributions to total

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

ligand degradation by the reducing products of water radiolysis
negligible.

For BTP(S), Figure 3, ~90% of total degradation is through
reaction with *OH, and the remainder with e,q~ (~*7%) and H*
(~2%). However, the extent of BTP(S) radiolysis is inhibited by
the formation of its own degradation products. Without
competing secondary processes, *OH consumes BTP(S) at a
significantly faster rate (0.32 uM Gy!), demonstrated by the
dashed black line in Figure 3. This zeroth-order kinetic

160 — T T T T T

Concentration / uM

» o ® © B B
o o o o o o
T T T T T T

N
=}
T

o
T

0 100 200 300 400 500 600
Absorbed Gamma Dose / Gy

Figure 4. Gamma radiolysis of BTBP(S) (M) as a function of absorbed
gamma dose. Curves are from deterministic reaction kinetics
calculations predicting the change in concentration of: BTBP(S)
without secondary degradation product reactions (Dashed Black);
with BTBP(S) + H,0, (Dotted Black); and with BTBP(S) + H,0, and
secondary degradation product reactions with *“OH and H,0, (Solid
Black) and the cumulative reaction concentrations of BTP(S) with
*OH (Solid Red), e,q (Solid Blue), H* ( ), and H,0, (Solid
Magenta).

behaviour is not observed experimentally, and is indicative of
competing processes. Considering the number of aromatic
constituents possessed by BTP(S), it is not unreasonable to
imagine a single BTP(S) molecule undergoing sequential
reactions with *OH, thereby preserving the integrity of other
BTP(S) molecules, and thus minimizing total ligand degradation.
This effect has been postulated previously for other compounds
containing aromatic moieties.” By including sequential *OH
reactions, using rate coefficients equal to or of the order of that
for k(BTP(S) + *OH), near perfect agreement can be obtained
between experiment and calculation, as shown by the solid
black line, lending support to this mechanistic interpretation.
With regards to BTBP(S), Figure 4, its faster rate of
degradation cannot be attributed to its higher affinity for the
reducing products of water radiolysis due to the action of
dissolved O,, reactions (10) and (11). This observation suggests
that BTBP(S) is subject to additional chemistries. Modelling this
system using the associated experimentally determined rate
coefficients in Table 1 affords the zeroth-order dashed black
line in Figure 4. This calculation highlights not only the need for
sequential degradation product reactions, but also the
existence of additional BTBP(S) radiolysis pathways, as the
initial rate of degradation is faster than that attainable using the

Dalton Trans., 2019, 00, 1-3 | 5
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available transient products of water radiolysis, i.e., e,q~, H®, and
*OH. Agreement can only be attained if BTBP(S) can react with
H,0,, a stable/steady-state molecular water radiolysis product,
outlined by reaction (12).

BTBP(S) + H,0, —
BTBP(S)(-H*) + "OH + H,0

€ t+ H,0, = °*OH + OH~
(13)

k~250 Mtst
k =

(12)
1.2 X 10 M1 s

Inclusion of this process allows for the initial rate of BTBP(S)
degradation to be attained, as shown by the dotted black curve
in Figure 4. Agreement with experiment, given by the solid black
line, is achieved by incorporating sequential degradation
product reactions for both *OH and H,0,, in the same manner
as for BTP(S). Overall, the degradation of BTBP(S) within the
experimental window can be attributed to *OH (~58%), H,0,
(~29%), e.q (~11%), and H® (¥2%). The slightly higher
contribution from e,”, relative to BTP(S) radiolysis, is a
consequence of BTBP(S) scavenging H,0,, thereby inhibiting
reaction (13) and freeing up e,y for partitioning between
BTBP(S) and 0,.8°

6 | Dalton Trans., 2019, 00, 1-3
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Conclusions

In summary, a fundamental investigation into the radiolytic
degradation of the sulfonated bis-triazinyl-(bi)pyridines, BTP(S)
and BTBP(S), has directly and quantitatively established the key
processes responsible for their radiolysis and their associated
reaction kinetic mechanisms, validated by a predictive
Oxidative processes, predominantly
driven by *OH chemistry, leads to first-order decay of both
ligands, the rate of which is progressively inhibited by the
formation of reactive BTP(S)/BTBP(S) degradation products. For
concentrations investigated here (~145 uM), over 90% of both
ligands are consumed within 1 kGy, contrary to previous studies
under envisioned applied i-SANEX conditions, i.e., dilute HNO3
contacted with 0.2 M TODGA/5% 1-octanol dissolved in an
organic diluent. With respect to dilute HNO; solutions,®!
conversion of *OH to *NOs; may provide some explanation as to
why significantly higher doses (~250 kGy) were required for a
similar extent of ligand degradation, as °NO;3 reacts
approximately two orders of magnitude slower with BTP(S) and
BTBP(S). The absence of significant ligand degradation in
biphasic systems,® is likely a consequence of mass transfer of
organic phase species scavenging both *OH and *NO3, thereby
inhibiting degradation. However, until the radiolytic behaviour
of these two ligands is investigated in a similar manner as here
for dilute HNOs; and biphasic conditions, their current level of
radiolytic robustness is unknown for an applied process.
Further, although BTP(S) and BTBP(S) degradation product
parameter optimization is sufficient for the purposes of this

deterministic model.

study, evaluation of the presented modelling reaction scheme
would benefit from isolation and synthesis of the associated
degradation products in conjunction with respective reaction
kinetics studies.

Process viability of both ligands would be enhanced by
substituting  their sulphur content with carboxylate
functionality, thereby conforming to the CHON (carbon,
hydrogen, oxygen, and nitrogen) principle, facilitating clean
disposal by incineration.81.82 Such compounds are now being
readily synthesised, for which preliminary experiments have
been performed, yielding similar reaction kinetics and radiolytic
behaviour as their sulfonated counterpart — discussed in a
follow-up article.
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