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Effect of Chemical Environment on the Radiation Chemistry of N,N-di-(2-
ethylhexyl)butyramide (DEHBA) and Plutonium Retention

Gregory P. Horne,*? Christopher A. Zarzana,*?® Travis S. Grimes,® Cathy Rae,? Joakim Ceder,®® Stephen P. Mezyk,® Bruce J.
Mincher,? Marie-Christine Charbonnel,? Philippe Guilbaud,* George Saint-Louis,® and Laurence Berthon®

N,N-di-(2-ethylhexyl)butyramide (DEHBA) has been proposed as part of a hydro-reprocessing solvent extraction system for the co-extraction
of uranium and plutonium from spent nuclear fuel, owing to its selectivity for hexavalent uranium and tetravalent plutonium. However, there
is a critical lack of quantitative understanding regarding the impact of chemical environment on the radiation chemistry of DEHBA, and how
this would affect process performance. Here we present a systematic investigation into the radiolytic degradation of DEHBA in a range of n-
dodecane solvent system formulations, where we subject DEHBA to gamma irradiation, measure reaction kinetics, ligand integrity,
degradation product formation, and investigate solvent system performance through uranium and plutonium extraction and strip
distribution ratios. The rate of DEHBA degradation in n-dodecane was found to be slow (G =-0.31 + 0.02 umol J™%) but enhanced upon contact
with the oxidizing conditions of the investigated solvent systems (organic-only, or in contact with either 0.1 or 3.0 M aqueous nitric acid).
Two major degradation products were identified in the organic phase, bis-2-ethylhexylamine (b2EHA) and N-(2-ethylhexyl)butyramide
(MEHBA), resulting from the cleavage of C—N bonds, and could account for the total loss of DEHBA up to ~300 kGy for organic-only conditions.
Both b2EHA and MEHBA were also found to be susceptible to radiolytic degradation, having G-values of -0.12 + 0.01 and -0.08 £ 0.01 pmol
171, respectively. Solvent extraction studies showed: (i) negligble change in uranium extraction and stripping with increasing absorbed; and
(ii) plutonium extraction and retention exhibits complex dependencies on absorbed dose and chemical environment. Organic-only conditions
afforded enhanced plutonium extraction and retention attributed to b2EHA, while acid contacts inhibited this effect and promoted significant
plutonium retention for the highest acidity. Overall it has been demonstrated that chemical environment during irradiation has a significant
influence on the extent of DEHBA degradation and plutonium retention.

Introduction

Recycling (reprocessing) spent nuclear fuel (SNF) is key to maximizing energy content utility, environment stewardship, and
continuing responsible nuclear waste management. The current industrial standard for reprocessing SNF is the Plutonium Uranium
Redox EXtraction (PUREX) process, a solvent extraction technology that employs tributyl phosphate (TBP) to complex plutonium
and uranium, facilitating their recovery from fission products and nuclear waste materials. However, TBP degrades to form
undesirable products when subject to an intense multi-component radiation field under process conditions. To this end, extensive
studies have been devoted to the development of alternative ligands to ultimately improve upon, and replace, TBP. Among the
various reagents studied, the N,N-dialkyl monoamide class of ligands have demonstrated great potential due to their tuneable
selectivity. Modifications can be easily made to either increase or decrease selectivity for a particular ion; e.g., selectivity for
hexavalent versus tetravalent ions. A particularly promising TBP alternative is the monoamide, N,N-di-(2-ethylhexyl)butyramide
(DEHBA, Fig. 1), which possesses a combination of alkyl chains and an n-alkane acyl group that facilitate efficient and selective
extraction of hexavalent uranium and tetravalent plutonium under conditions typically employed by the PUREX process: a ligand-
loaded organic phase in contact with aqueous nitric acid (HNOs) containing dissolved SNF. Relative to TBP, the N,N-dialkyl
monoamide class of ligands are characterized by greater selectivity for uranium over fission products, reputed higher radiolytic
stability, and the generation of more benign radiolysis products, as summarized by Gasparini and Grossi.! Their improved radiolytic
stability is particularly attractive, especially as the reprocessing of higher burn-up, mixed oxide (MOX) fuels becomes more
common. Further, the monoamides can ultimately be incinerated, being composed entirely of carbon, hydrogen, oxygen, and
nitrogen (CHON), which simplifies the waste treatment for used solvents. A current review by McCann et al. discusses the structural
features of monoamides that favour selectivity and minimize third phase formation during actinide solvent extraction.?

SNF solvent extraction ligands must maintain their extraction and stripping efficiencies in the presence of an intense, multi-
component radiation field. In this regard, the monoamides have previously been reported as exhibiting exceptional radiation
stability.3> A more recent investigation into the radiation stability of di-2-ethylhexylisobutryamide (DEH/BA) afforded radiolytic
yields, G-values, of -0.53 umol J74, slightly higher than those of TBP (-0.37 umol J7%).57 Based on only these degradation rates, both
ligands would be suitable for SNF reprocessing applications.® However, an additional requirement for process suitability is that
ligand degradation products must not have adverse effects on separations chemistry. With respect to monoamides, a variety of
amines and organic acid products, corresponding to the rupture of the monoamide carbonyl C—N bond, have been identified.®°1°
For example, Musikas reported bis-2-ethylhexylamine (b2EHA) and hexanoic acid as the major degradation products from the
radiolysis of DEHBA.? In addition to b2EHA, N-(2-ethylhexyl)isobutyramide (MEHIBA), corresponding to rupture of the acyl C—N
bond, was also identified for the degradation of DEH/BA.® It has been shown that the nature of the alkyl group (linear versus
branched) influences ligand stability towards gamma radiolysis.'! Drader et al. identified the main degradation products formed
from the radiolysis of three different monamides with linear or branched chains as a function of radiation quality (alpha irradiation
from the self-radiolysis of plutonium and gamma rays from an external source).’? They found that neither radiation quality nor
alkyl chain modification significantly affected the formation of ligand radiolysis products.
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Fig. 1 Structures of N,N-di-(2-ethylhexyl)butyramide (DEHBA) and its
major degradation products: bis-(2-ethylhexyl)amine (b2EHA, mw =
241) and N-(2-ethylhexyl)butyramide, (MEHBA, mw = 199).

The most abundant monoamide degradation products arise from cleavage of the two types of C—N bonds.»® The anticipated
major degradation products for DEHBA are shown in Fig. 1. However, they are more than likely accompanied by lower-yield
products as observed for DEH/BA, many of which probably are undetected and thus unreported.

Several studies have also investigated the effects of monoamide irradiation on the efficiency of actinide extraction and
stripping. Studies on the extraction behaviour of gamma irradiated N,N-dialkylamides have shown that the extraction profiles for
uranium and plutonium change in different ways as a function of absorbed dose and the structure of the monoamide.3->*%13 Parikh
et al. found little interference when separating uranium and plutonium using 1.1 M di-hexyloctanamide (DHOA) irradiated to 600
kGy.'* Similar results were obtained by Pathak et al., who also reported negligible inhibition for stripping uranium from formally
0.5 M DEH/BA n-dodecane solutions irradiated to 360 kGy while in contact with 3 —4 M HNOs.'® Further, Drader et al. reported
improved uranium stripping for DEH/BA irradiated to doses as high as 1000 kGy.®

As DEHBA is one of the major monoamides proposed for co-extraction of uranium and plutonium from SNF, its radiation
chemistry needs to be fully quantified. In this study, the effects of gamma irradiation on DEHBA integrity and solvent system
performance were investigated. DEHBA degradation rates, reaction kinetics, irradiation effects on uranium and plutonium
extraction and stripping, and degradation product identification are reported for solvent system formulations representative of
envisioned large-scale process conditions.

Experimental

Materials

Uranium-233 and plutonium-239 nitrates were sourced from on-hand stock at the Idaho National Laboratory’s (INL)
Radiochemistry Laboratory (RCL). DEHBA (99%) and MEHBA (99%) were supplied by Technocomm Ltd. (Wellbrae, Scotland, UK),
nitric acid (HNOs, 299.999% trace metals basis), n-dodecane (299% anhydrous), dichloromethane (DCM, 299.8%), and b2EHA (99%)
were obtained from Sigma Aldrich. Unless otherwise specified, all solvents for analyses were Fisher (Hampton, NH, USA) Optima
LC/MS grade. All chemicals were used without further purification. Ultra-pure water (18.2 MQ) was used for all aqueous solutions.

Irradiations

Time-Resolved Pulsed Irradiation. Reaction kinetics of DEHBA, MEHBA, and b2EHA with the n-dodecane radical cation (R**) were
investigated using the picosecond pulsed electron radiolysis/transient absorption system at the Brookhaven National Laboratory
(BNL) Laser Electron Accelerator Facility (LEAF).X® Samples, comprising of varying concentrations (0 — 10 mM) of solute in 0.5 M
DCM n-dodecane solution, were irradiated in 1.00 cm optical pathlength Suprasil cuvettes sealed with Teflon stoppers. The decay
kinetics of R** were followed at 800 nm over 200 ns using a FND-100 silicon diode detector, and digitized by a LeCroy WaveRunner
640Zi oscilloscope (4 GHz, 8 bit). Interference filters (~10 nm bandpass) were used for wavelength selection of the analysing light.
Second-order reaction kinetics were extracted by taking pseudo-first-order double-exponential fits to the decay traces and plotting
as a function of solute concentration.



Steady-State Irradiation. Gamma irradiations of DEHBA, MEHBA, and b2EHA were performed using a Nordion Gammacell 220
Cobalt-60 irradiator unit at INL and a Shepherd 109-68 cobalt-60 irradiator unit at the Notre Dame Radiation Laboratory (NDRL).
Samples consisted of either neat n-dodecane solutions or biphasic solvent systems contacted with an equivalent volume of
aqueous 0.1 or 3.0 M HNOs. Samples were irradiated in 20 mL screw-cap scintillation vials to doses up to 700 kGy, under
‘deaerated’ conditions — with the static, sealed vials considered deaerated upon exposure to relatively low absorbed gamma doses,
owing to radiolytic-induced consumption of oxygen. Samples were irradiated in triplicate, in different positions using a jig placed
in the irradiatior. The dose rate was established at each position in the jig and used to calculate the total absorbed dose for each
replicate. Dosimetry was performed using Fricke solution'’, corrected for the radioactive decay of cobalt-60 and n-dodecane
electron density ((Zdodecane/Adodecane)/ (Zn20/An20) X (Pdodecane/PH20) = 0.78)*8, affording average dose rates of 0.82 and 1.65 Gy s™* for
the Nordion and Shepherd irradiator units, respectively. Irradiated samples were split for analysis by the collaborating laboratories
at CEA-Marcoule and INL. G-values were calculated from slopes of linear least squares fits to data of the measured concentrations
of DEHBA, MEHBA, and b2EHA versus absorbed gamma dose.

Analysis

Uranium and Plutonium Distribution Ratios. Solvent extraction experiments were conducted using 4.0 M HNOs for organic loading
and 0.1 M HNOs for organic stripping. Since DEHBA is a solvating extractant known to extract acid, the organic phases were pre-
equilibrated twice with 4.0 M HNOs for 10 min at a 2:1 aqueous to organic volume ratio to ensure acid extraction equilibrium
before introduction of the actinide ions. Extraction experiments were performed by contacting equal volumes (1.0 mL) of the pre-
equilibrated organic phase with fresh 4.0 M HNOs solution containing radiotracer amounts of uranium-233 or plutonium-239 for
1 minute and then centrifuged for 3 minutes. The phases were then separated into individual vials and 300 pL of each phase was
sampled and introduced to 10 mL of scintillation cocktail (Optima Gold). Organic stripping was then performed by contacting equal
volumes (0.5 mL) of the loaded organic phase with fresh 0.1 M HNOj3 solution for 1 minute, centrifuged for 3 minutes, and then
separated into individual vials for sampling. 300 pL samples of each phase were then introduced to 10 mL of scintillation cocktail.
Both sets of samples were subsequently analysed by scintillation counting, using a PerkinElmer Tri-Carb 3180TR/SL Low Activity
LSC, to detern[ll\i/[r]\e the ratio of radioisotope activity in each phase, allowing for calculation of uranium and plutonium distribution
— org

ratios (Dm = [M]aq).

Quantification by GC-FID. Gas chromatography with flame ionization detection (GC-FID) was used to determine the
concentrations of DEHBA, MEHBA, and b2EHA, using several Agilent 7890 gas chromatographs, each equipped with an Agilent
7693 autosampler and a flame ionization detector (FID). For experiments related to the radiolysis of DEHBA, each sample was
diluted by a factor of 100 in 2-propanol three different times, while for those related to the radiolysis of MEHBA and b2EHA each
sample was diluted four times in 2-propanol. A separate instrument was used for each dilution replicate (three total GCinstruments
for the DEHBA radiolysis experiments, and four total instruments for the MEHBA and b2EHA radiolysis experiments). Prior
characterization of each GC instrument has not revealed any systematic differences between them.

Each dilution replicate was injected four times, using the following conditions: a Restek Rtx-5 (30 m X 0.32 mm ID X 0.25 um
df) column with an injector temperature of 300 °C; an oven temperature of 100 °C for 1 minute, ramped to 275 °C at 15 °C min™
and held at 275 °C for 1 minute. The split ratio was 20:1 with 1.9 mL min~! flow through column. The FID temperature was 300 °C.
The dilution replicate injection order was randomized to help differentiate systematic instrument drift from real trends in the
samples, but the quadruple injections per dilution replicate were conducted sequentially, to reduce perturbations due to diluent
evaporation.

Quantification was performed using a calibration curve with standards prepared from neat DEHBA, MEHBA, and b2EHA
dissolved in 2-propanol. Six calibration points and a blank were used to construct calibration curves for each compound on each
instrument. Each standard was injected four times and analysed in order of increasing concentration. Quality control (QC)
standards made at three different concentrations were analysed at the mid-point of the analysis and at the end to ensure validity
of the calibration curve through-out the entire measurement period. End-run QC standards were placed in separate vials from the
mid-run QC standards to reduce the effects of diluent evaporation.

Quantification of MEHBA and b2EHA with GC-MSMS. Coelution of MEHBA and b2EHA from irradiated DEHBA samples,
required quantification by gas chromatography with tandem mass spectrometry detection (GC-MSMS). Quantification was
performed using a Shimadzu Scientific GCMS-TQ8040 gas chromatography with a triple-quadrupole mass spectrometer using
electron impact ionization and multiple reaction monitoring (MRM). Samples were diluted by a factor of 100 in 2-propanol. All
three dilution replicates were run on the same instrument. The conditions for the mass spectrometer were: 280 °C interface
temperature; 260 °C ion source temperature; and 70 eV electron energy. All gas chromatograph conditions and quantification
procedures were the same as described for quantification by GC-FID (see above).
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Fig. 2 Normalized concentration of DEHBA as a function of absorbed
dose from gamma irradiation (0.82 Gy s™) of 1.0 M DEHBA n-
dodecane solution: organic-only (M), and biphasic contacted with 0.1
(@) and 3.0 (A) M HNOs. Error bars are 99% confidence intervals
calculated from four measurement replicates. Solid lines are
weighted linear fits to data.

Degradation Product Identification using ESI-MS. The mass spectrometry measurements were recorded in positive ionization
mode using a Bruker Daltonics micrOTOF-Q Il quadrupole time-of-flight mass spectrometer equipped with an electrospray
interface. A syringe infusion pump, Cole Palmer, delivered the sample at a rate of 90 uL h™! to the electrospray source. The QTOF
was mass calibrated daily using an Agilent (G2421A) ES-TOF tuning solution. The capillary voltage was set to -4500 V with an end-
plate offset voltage of =500 V. Nitrogen was employed as the drying and nebulizing gas. The drying gas flow rate was set to 4.0 L
min~?, the nebulizing gas pressure was set to 0.4 bar, and the source temperature was set to 180 °C. Spectra were acquired over a
mass range of m/z 40—-3000. Tandem mass spectra were obtained from collision-induced dissociation (CID) with nitrogen.

Samples were diluted by a factor of 10000 in 1:1 acetonitrile/water prior to injection into the ESI-MS. To favour ionization of
compounds and avoid the formation of sodiated adducts, samples irradiated in contact with 0.1 M HNOs were acidified before
analysis by the addition of 1 drop of 1.0 M HNOs. The ESI-MS measurements were taken within a short time after sample
preparation to avoid any solvent influences on the speciation of degradation products. Species were identified by comparison with
an isotopic pattern calculated using the software DataAnalysis 4.0. CID experiments were used to help identify the structures of
various species through fragmentation studies.

Degradation Product Identification using LC-ESI-MS. Liquid chromatography coupled to a mass spectrometer with an
electrospray ionization source (LC-ESI-MS) can be significantly more sensitive for some compounds than GC-MS. Additionally, the
mass spectrometer used here, a quadrupole time-of-flight, has a mass accuracy of better than 2 millimass units, enabling
unambiguous molecular formula for compounds in the mass range of potential DEHBA degradation products. Irradiated samples
of DEHBA were analysed using a Dionex Ultimate 3000 ultra-high-pressure liquid chromatograph (UHPLC) with a Bruker micrOTOF-
Q Il quadrupole time-of-flight mass spectrometer with electrospray ionization. Separation was achieved using a Phenomenex
Kinetex® 1.7 um XB-C18 column (150 x 2.1 mm) with a flow rate of 400 uL min~. The aqueous mobile phase component was water
with 0.1% (v/v) formic acid, and the organic component was acetonitrile with 0.1% (v/v) formic acid. A gradient elution profile was
used. The column was equilibrated at 30% organic for 5 minutes, followed by a ramp to 95% organic over 4 minutes. The mobile
phase was held at 95% organic for 6 minutes, followed by a return to 30% organic in 0.5 minutes.

The mass spectrometer source and tuning parameters can be found in the Supplementary Information (SI). Mass calibration
was achieved using sodium formate clusters by infusing a tune mixture during each chromatographic run via a divert valve on the
mass spectrometer. Using this mass calibration procedure, the mass spectrometer routinely achieves mass accuracy of < 2
millimass units (mDa).

FT-IR analysis. Organic phase samples were analysed with a Bruker Vertex 70 spectrometer equipped with an attenuated total
reflectance cell. All spectra were collected between 400-4000 cm™2, using 32 scans and a resolution of 4 cm™.

Results and Discussion

Degradation Rate

DEHBA dissolved in n-dodecane was irradiated as organic-only, and biphasic in contact with a 0.1 or 3.0 M HNO3 aqueous phase.
The normalized concentration of DEHBA as a function of absorbed gamma dose for each of the three conditions is shown in Fig. 2
(measured concentration data without normalization are given in S/), and the corresponding G-values given in Table 1.



Table 1. Radiolytic yields for independent gamma irradiation of DEHBA, MEHBA, and b2EHA n-dodecane solutions obtained from linear fits
to measured concentration changes with absorbed dose for various solution conditions.

Solution G-Value (umol J™%)
Conditions DEHBA MEHBA b2EHA
Organic-Only -0.31 £0.02 -0.08 £ 0.01 -0.12 £ 0.01
0.1 M HNO3

-0.53 £ 0.02 -0.12+£0.01 hydrolysis
Contact
3.0 M HNOs3

-0.49 £ 0.02 hydrolysis hydrolysis
Contact

DEHBA degrades linearly with absorbed gamma dose under all three conditions. The rate of DEHBA degradation for organic-only
conditions (G = -0.31 + 0.02 umol J) is lower than when irradiated in contact with an aqueous phase, indicating significant
interplay between organic and aqueous radiolysis products.

Under organic-only conditions, the n-dodecane radical cation (R**) is thought to be the major reactive species inducing ligand
degradation:

Solute + R** — [Solute]** + R, (1)
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Fig. 3. Concentration dependence of pseudo-first-order rate
coefficients for the reaction of the n-dodecane radical cation with
DEHBA (M), MEHBA (@), and b2EHA (A). Solid lines are weighted
linear fits, with slopes corresponding to the second-order rate
coefficient: kpenga = (108 + 003) X 1010 M1 S’l, Kmensa = (149 + 008)
X 1010 M1 S_l; and Kpoepa = (652 + 040) X 10° M1s71,

for which a rate coefficient (k) of (1.52 £ 0.11) X 10*° M~1s7! has been reported for DEH/BA.%'° The corresponding reaction kinetics
for R** with DEHBA was determined in this study using time-resolved picosecond pulsed radiolysis techniques, for which the
associated kinetic data are given in Fig. 3 (see Reaction Kinetics in Sl). For DEHBA, a second-order rate coefficient of k =
(1.08 £ 0.03) x 10'° M~ s* was calculated, which is approximately 41% slower than that for DEH/BA, but nevertheless considered
diffusion limited and indicative of a critical degradation pathway. The lifetime of R** in n-dodecane has been reported as 2 ns,?°
owing to rapid recombination with geminate and non-geminate electrons. Therefore, any perturbation in the composition of the
organic phase that lends itself to either adding additional reactive species to the suite of available radiolysis products or extending
the lifetime of R** through electron scavenging has the potential to enhance the rate of DEHBA degradation. In the presence of an
aqueous phase, mass transfer and complexation allow for a fraction of aqueous medium to be drawn into the organic phase,
thereby adding water and HNO3 to its composition. The energy deposited by ionizing radiation will be partitioned between the
constituents of the medium proportional to their contribution to the total electron density of the medium.?! Consequently, direct
radiolysis will be induced in both extracted water and HNOs, the extent of which will reflect their respective electron fractions
relative to DEHBA and n-dodecane.

For 0.1 M HNOs contacts, the potential organic phase electron fraction contribution of extracted HNOs is negligible and thus
any additional DEHBA degradation would be attributed to the products of extracted water radiolysis:

H20 w» €7, H%, "OH, H20;, Ha, Hag", (2)



which clearly enhances the rate of DEHBA degradation (G = -0.53 + 0.02 umol J71). Increasing the concentration of HNO3 to 3.0 M
increases the electron fraction of extracted NO3"/HNOs3, and similarly accelerates the rate of DEHBA degradation (G = -0.49 + 0.02
umol J71), relative to organic-only solution. These observations are attributed to: (i) radiolytic formation of additional powerful
oxidizing species, such as hydroxyl ("OH, E° = 2.7 V in water)?2 and nitrate ("NOs, E° = 2.3 — 2.7 V in water)?3 radicals, that have been
extensively shown to induce ligand degradation;?%%* and (ii) scavenging of non-geminate electrons by NOs~ and *OH, thereby
extending the lifetime and availability of R** and inhibiting potential regenerative processes (reaction 7):2%2°

HNO3 w e, *“NO3, HNO,, O (3)
NO3™ + epre” = NO3"2~ knzo=1x 103 M1st  (4)
NO3™ + €ag” — NO3** kH20=9.7 X 10°M1st  (5)
‘OH + e~ — OH~ kr20=3.0 X 10 M 151 (6)
[DEHBA]** + e =DEHBA. (7)

With regards to the presence of *OH and *NOs, reactions via hydrogen atom abstraction (reaction 8) would produce carbon-
centered radicals (R*), and under initial aerated conditions, oxygen would add to these to further enhance degradation rates,

possibly via decay of the resulting tetroxides (R—-O—0—-0—0-R):2®

R + *OH/*NOs — R* + H,0/HNO3 (8)
R® + O, = RO," (9)
RO,* + RO;* = R—0O—-0-0-0-R (10)
R—0O-0—-0-0-R — Products. (11)

However, loss of dissolved oxygen will occur at relatively low absorbed doses, which then switches peroxyl radical chemistry to
carbon-centered radical combination reactions:

R1* + R* — Products. (12)

The subtle difference in contacted G-values is likely due to the greater reactivity of *OH versus *“NOs, as *OH rate coefficients are
typically faster in water.2224 Unfortunately, rate coefficients for these processes have not been determined in the organic phase.
Overall, contact with an oxidizing environment enhances the rate of DEHBA degradation in n-dodecane. These findings on the
effect of chemical environment (i.e., contacted solution composition) are in contrast to previous DEH/BA work.® The differences in
DEHI/BA degradation rates with irradiation conditions may have been concealed by the higher analytical uncertainties reported
previously. Here, lower uncertainties were obtained by a combination of GC-FID method development and a rigorous analytical
protocol. Regardless of the proposed mechanisms, the radiolytic degradation rate of DEHBA in contact with an aqueous phase is
comparable to the average G-value reported for DEH/BA® — and somewhat faster than that reported for TBP (-0.37 umol J71). This
rate is comparable to those reported for many monoamides,®* although the methylbutylalkylmonoamides appear to degrade

somewhat faster.”
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Fig. 4 Uranium distribution ratios under extraction and strip Fig. 5 Plutonium distribution ratios under extraction and strip
conditions as a function of absorbed gamma dose for pre-irradiated conditions as a function of absorbed gamma dose for pre-irradiated
DEHBA n-dodecane solution: organic-only (M), and biphasic DEHBA n-dodecane solution: organic-only (M), and biphasic
contacted with 0.1 (@) or 3.0 (A) M HNOs. contacted with 0.1 (@) or 3.0 (A) M HNOs.

Effects on Uranium and Plutonium Partitioning and Stripping

The impact of gamma irradiation on DEHBA solvent extraction performance was determined by performing batch contacts of the
irradiated organic phase with 4.0 M HNOj3 spiked with uranium and plutonium, followed by a 0.1 M HNO3 strip. Distribution ratios



100 [ (A) J

80 | B

@
=]
T
1

[b2EHA] / mM
3
T

ola E 2a * Aiié

0 50 100 150 200 250 300 350 400 450
Absorbed Gamma Dose / kGy

w0l (B) 4

w

)
T
—p—
L

[MEHBA] / mM
S
T

;‘#lﬁ |

l§§
gi

=
o
T

0 50 100 150 200 250 300 350 400 450
Absorbed Gamma Dose / kGy

Fig. 6 Ingrowth of b2EHA (A) and MEHBA (B) from the gamma
irradiation (0.82 Gy s) of 1.0 M DEHBA n-dodecane solution:
organic-only (M), and biphasic contacted with 0.1 (@) and 3.0 (A) M
HNOs. Error bars are 99% confidence intervals calculated from four
measurement replicates.

(D) for uranium and plutonium under extraction (4.0 M HNOs) and strip (0.1 M HNOs) process conditions are given in Fig. 4 and 5,
respectively, under all investigated solvent system permutations.

For uranium extraction, Fig. 4, Dy may have decreased slightly with absorbed gamma dose for all investigated conditions,
however the decrease is within experimental error. Drader et al. reported a constant Dy for all investigated DEH/BA permutations
out to the higher absorbed dose of 1000 kGy.® The possible loss of extraction Dy for DEHBA here is not particularly concerning, as
the Dy decreased from about 10 to 8.5 in going from 0 to 400 kGy, corresponding to 91% and 89% uranium extracted, respectively.
Further, the absorbed gamma doses used in these experiments are high compared to the envisioned lifetime exposure of a given
solvent. For the corresponding uranium strips in Fig. 4, Dy remained almost constant except for a decrease for samples irradiated
in contact with the highest acidity, suggesting interference by acid hydrolysis products. These observations suggest progressively
easier recovery of uranium for samples irradiated in the presence of acid, which is advantageous for solvent extraction
performance. From the standpoint of process application, there is little difference in the uranium extraction performance of the
monoamides DEHBA and DEH/BA.

With regards to plutonium extraction, Fig. 5, Dp, is very much dependent on the chemical environment during irradiation.
Under organic-only irradiation conditions, Dp, showed a steady increase not observed for uranium. This behaviour is indicative of
a degradation product being formed that is a more effective complexing agent for plutonium than DEHBA. Furthermore, this
product’s formation is either inhibited when irradiated in contact with an aqueous phase (e.g., by acid hydrolysis or HNOs radiation
chemistry), or it is water miscible, partitioning into the aqueous phase, since Dp, for the corresponding acid contacts do not show
the same increase in extraction with absorbed dose. Ruiker et al. also reported increasing Dp, with absorbed dose, for three
investigated alkyl ethyhexylamides, although their data differed in showing an initial induction period at low doses.? Their samples
were irradiated in n-dodecane that had been pre-equilibrated with 3.5 M HNOs.

The corresponding plutonium strips shown in Fig. 5, are similarly complex. For organic-only irradiation conditions, Dp, steadily
increases with absorbed dose. Plutonium retention is likely by the same species responsible for enhanced extraction under organic-



only conditions. Interestingly, 3.0 M HNOs contacts during irradiation promote the formation of a second distinct interfering
species that exhibits particularly strong plutonium retention but plays a minimal role in plutonium extraction. Although retention
of plutonium in the organic phase during stripping may be undesirable for plutonium recovery, a selective uranium strip can be
envisioned based on these results. Further, in the presence of higher metal loading conditions that might occur in a solvent
extraction process, the effects of small amounts of degradation products may be less dramatic than shown here in tracer studies.

DEHBA Degradation Products

Based on previous monoamide studies, the expected products from DEHBA radiolysis were b2EHA (Fig. 1, [M+H*] m/z = 242) and
butanoic acid, both resulting from cleavage of the acyl C—N bond. In addition, we expected to see MEHBA (Fig. 1, [M+H*] m/z =
200) and 2-ethylhexane from rupture of the alkyl C—N bond, based on previous analogous work with DEH/BA.® Both b2EHA and
MEHBA were identified, but the corresponding carboxylic acid and aliphatic products were not detected (see Degradation Product
Analysis in Sl. This is expected, because the mass of the carboxylic acid is below the low-mass cut-off of the mass spectrometer,
and the aliphatic compound does not produce an ion with electrospray.

The radiolytic ingrowth of b2EHA and MEHBA from the gamma radiolysis of 1.0 M DEHBA are given in Fig. 6. For organic-only
irradiation conditions, the amount of b2EHA increases linearly, while the rate of formation of MEHBA slows with absorbed dose
due to secondary radiolytic processes, i.e., the concentration of MEHBA is sufficiently high to compete with DEHBA for radiolysis
products. This interpretation is supported by corresponding rate coefficients measured for the reaction of R** with b2EHA (k =
(6.60 £ 0.25) X 10° M~ s7!) and MEHBA (k = (1.55 * 0.01) X 10° M~ s7) — the lower R** rate coefficient for b2EHA means higher
concentrations of b2EHA are necessary to compete for R**, relative to MEHBA and DEHBA. The complementary gamma irradiation
experiment results given in Fig. 7 confirm that both products are themselves susceptible to radiolytic degradation. Fig. 7 shows
that both b2EHA and MEHBA degrade linearly with absorbed dose under organic-only conditions — complimentary acid contacts
were not possible due to hydrolysis of b2EHA and MEHBA. Interestingly, b2EHA degrades faster than MEHBA, which is counter
intuitive when considering their respective R** rate coefficients. This indicates additional chemistries are occurring, e.g., reaction
of b2EHA with other primary and/or secondary n-dodecane radiolysis products, such as ubiquitous solvated electrons or carbon-
centered radicals.

As shown in Fig. 6, the yield of b2EHA, but not MEHBA, versus absorbed dose is dependent on solution conditions during
irradiation. The presence of an aqueous phase during irradiation suppresses b2EHA formation or facilitates partitioning into the
aqueous phase, which corresponds to the much less dramatic effects on plutonium extraction and retention distribution ratios
seen in Figure 5. Thus, the increased extraction efficiency and retention of plutonium for samples irradiated under organic-only
conditions are attributed to b2EHA formation and its subsequent complexation of plutonium. In contrast, Drader et al. reported
that the monoamide product MEHBA, but not the amine product b2EHA, formed a Pu complex, as detected by mass spectrometric
experiments. A mixed species containing the original ligand and its amidic degradation product was reported to be
Pu(DEHBA)(MEHBA)(NO3)3* in that work.'? Complexes containing b2EHA were not reported. However, when we contacted a
solution of MEHBA/n-dodecane with 4.0 M HNOs spiked with plutonium, we measured negligible extraction, which casts doubts
on MEHBA being responsible for the progressive increase in Dp, with absorbed dose reported here in the condensed phase.
Further, MEHBA exhibits negligible dependence on the concentration of entrained HNO3 during irradiation as shown in Fig. 6 (B).
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Assuming the two fragmentation pathways proposed in Fig. 1 are dominant, radiolytic fragmentation of a single DEHBA
molecule should yield either one MEHBA or one b2EHA molecule. Therefore, the sum of these three species (DEHBA, MEHBA, and
b2EHA), should remain constant, affording mass closure for the degradation process. This is demonstrated in Fig. 8 for organic-
only conditions, where, within experimental uncertainty, the total concentration remains at ~1.0 M throughout, supporting our
hypothesis. Comparison of the amounts of MEHBA and b2EHA gives an indication of the percentage of DEHBA molecules that
fragment according to each proposed pathway. Except for the earliest doses, where the total concentration of each degradation
product is very small, these data suggest that when irradiated under organic-only conditions, approximately 60% of the
radiolytically degraded DEHBA molecules fragment to produce b2EHA and its butanoic acid partner, while the remaining 40%
fragment to produce MEHBA and its 2-ethylhexane partner. This distribution ratio was unexpected, as there are twice as many
alkyl C—N bonds to break. Further, bond dissociation energy (BDE) calculations'? for monoamide surrogates of DEHBA indicate that
the alkyl C—N bond is weaker than the acyl C—N bond, also suggesting that the fragmentation pattern, based on thermodynamics,
should be the reverse. However, the difference in BDEs between these two bonds is relatively low (~12 kJ mol™?), and radiolytic
processes are typically kinetically driven, favouring attack at the less sterically hindered acyl C—N bond.

Mass balance is not achieved for samples irradiated in the presence of an aqueous phase (Fig. 8). As was mentioned above,
the steady-state concentration of b2EHA significantly decreases when the organic phase is contacted with increasing
concentrations of aqueous HNOs, Fig. 6 (A). This dependence likely reflects a combination of acid hydrolysis, partitioning into the
aqueous phase, and/or additional reactions with radiolysis products originating from extracted water and/or HNOs. The ingrowth
of MEHBA on the other hand, appears to be more stable with respect to changes in chemical environment, exhibiting less of a
dependence on HNO;s concentration, as seen in Fig. 6 (B). In order to gain information about the minor degradation products
formed under different experimental conditions, ESI-MS spectra were collected for each organic solution. Examples of these
spectra are reported in S/ along with CID spectra of the main ions. Further, Table S1 includes the degradation products observed
under different experimental conditions. The species are identified thanks to their isotopic pattern and their fragmentation
spectra. In addition to the presence of DEHBA, MEHBA and b2EHA, several species at m/z = 326.0, 310.2, and 256.2 are quite
significant. The species at m/z = 326.0 and 310.2 are identified as DEHBA with a ketone function in its skeleton, and DEHBA with a
double bond in the structure, respectively. Compounds at m/z = 326.0 and 256.2 correspond to oxidation of a CH, group into a
C=0 group on the alkyl chain of DEHBA and b2EHA, respectively. These may be formed via hydrogen abstraction, followed by
reaction with *OH, and oxidation of the resulting alcohol to the corresponding ketone functionality. The compound at m/z =310.2
was observed for all experimental conditions and corresponds to the abstraction of two hydrogen atoms (or disproportionation)
from DEHBA to form a double bond. All of these compounds were previously reported for the gamma irradiation of DEH/BA in the
presence of HNOs, and alpha irradiation of DEHBA in presence of plutonium nitrate.®? In the presence of 0.1 M HNO3, several
heavier species (m/z = 551.7, 533.5, 480.5, and 410. 5) were observed, further highlighting the importance of chemical
environment on dictating the radiolytic pathways available to DEHBA. These new species were also reported for DEH/BA in the
absence of an aqueous phase and identified as recombination products:® m/z = 551.7 is an addition product of the monoamide
with the amine di-ethylhexylamine (DEHA); m/z = 480.5 (monoamide + n-dodecane) and 410.5 (DEHA + n-dodecane). The peak at
my/z =533.5 was unidentified. For samples irradiated in the presence of concentrated HNO3, these species were completely absent.

IR analyses, shown in Fig. 9, indicate that species containing carboxyl groups were produced. Irradiation in the presence of 0.1
M HNO3 (Fig. 9 (A)) showed modification to the 1000-1100 cm™ area of DEHBA’s IR spectra, indicating the presence of a C—0
stretch. Changes to the spectra for 3.0 M HNOs contacted samples (Fig. 9 (A)) were more dramatic and show new vibration bands.
For example, prior to irradiation, there is a HNO3-monoamide vibration band at 1590 cm™ assigned to a C=0 group bonded to
HNOs, and bands at 1284, 943, 685, and 636 cm™, which are consistent with the presence of undissociated HNOs in the organic
phase.?”28 |n contrast, after irradiation, peaks appear between 1732-1715 cm™ and a shoulder at 1630 cm™, complemented by a
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decrease in vibration bands associated with the C=O—HNOs stretch (i.e., 1590, 1284, 943, 885, 682, and 633 cm™2). This is consistent
with the radiolysis of extracted HNOs. Appearance of the peak at 1730 cm™ may indicate formation of either a new carboxylic
acid,3*9:1029:31 hossibly attributed to butanoic acid, or formation a ketone functionality, while development of the shoulder peak
(1630 cm™) suggests formation of a new amide species, possibly MEHBA. Organic acids with significant organic phase solubility
have been implicated in decreased stripping efficiency for other solvent systems.3%33 An organic acid formed under acid contacted
conditions during irradiation, which would enhance oxidative degradation of DEHBA, would explain both the changes in IR spectra
and the rapidly increasing strip Dp, for samples irradiated in the presence of 3.0 M HNOs. Given the loss of b2EHA under oxidizing
conditions, such an organic soluble acid may be derived from this amine. It is clear that the presence of acid during irradiation
alters the degradation mechanisms responsible for DEHBA radiolysis. These results are similar to those previously reported for



DEH/BA when irradiated in the presence and absence of an acidic aqueous phase.® Thus, two competitive degradation schemes
can be envisaged for the two HNOj3 concentration regimes investigated here, these are given in S/ Fig. S11 and S12.

To further investigate the role of DEHBA’s degradation products in plutonium extraction, non-irradiated organic phases were
prepared containing selected decomposition products. To simulate the effect of irradiating an organic-only DEHBA n-dodecane
solution to ~400 kGy, solutions containing DEHBA, b2EHA, and MEHBA of approximately 0.8 M, 80 mM, and 20 mM, respectively,
were prepared. Stoichiometric amounts of butanoic acid and 2-ethylhexene were also used — 2-ethylhexene was chosen because
cleavage of the alkyl C—N bond initially yields the 2-ethylhexane radical, which is prone to dehydrogenation and formation of the
corresponding olefin. A series of plutonium partitioning experiments were performed to de-convolute the roles of these
degradation products on Dp,. The results are shown in Fig. 10. For both extraction and strip conditions, Dp, is significantly enhanced
in the presence of b2EHA, relative to 1.0 M DEHBA n-dodecane solution. This provides direct evidence for plutonium complexation
by b2EHA and explains the enhanced Dp, values in Fig. 5 for organic-only conditions. Further, Fig. 10 shows that the MEHBA,
butanoic acid, and 2-ethylhexene solutions exhibit reduced Dp, by approximately the same extent for both extraction and strip
conditions, attributed to modifications of the organic solvent. This demonstrates that MEHBA, butanoic acid, and 2-ethylhexene
are poor plutonium complexants, and cannot explain the observed increased plutonium retention, but may be responsible to some
extent for the decrease in Dp, seen for 0.1 M HNO;3 contacts in Fig. 5 strip conditions. These observations indicate that the
remaining, unidentified, degradation product, responsible for the increase in strip Dp, for 3.0 M HNOs contacts only, is a
subsequent hydrolytic and/or radiolytic degradation product. This species could be one of the observed bifunctional compounds
(e.g., m/z = 326) with a high affinity for plutonium, or a mixed species including DEHBA, [Pu-DEHBA-degradation product], leading
to synergistic complexation.

Colour Development

There is additional evidence of unidentified degradation products in irradiated DEHBA n-dodecane solution. It is not unusual for
organic solvents to develop a yellow tint when irradiated, and the irradiation of DEHBA n-dodecane solutions is no exception,
especially when in contact with HNO3. However, the irradiated organic-only and 0.1 M HNOs contacted DEHBA n-dodecane
solutions undergo dramatic colour changes when later contacted with fresh 4.0 M HNOs solutions during solvent extraction
experiments. The colour developed is an intense rose-red colour (Fig. S13), which increases in intensity with absorbed gamma
dose. This colour development occurs in the absence of uranium and plutonium, and thus cannot be attributed to actinide metal
ion complexation; suggesting HNO3 complexation or a HNOjs initiated reaction. Subsequent stripping of the organic phase does not
strip this intense colour. Further, this colour cannot be attributed to b2EHA, MEHBA, butanoic acid, or 2-ethylhexene, as the 4.0
M HNO3 contacts performed for Fig. 10 did not give any colour change. However, when DEHBA n-dodecane solution is irradiated
in contact with 3.0 M HNOs3, the rose-red colouration was not observed, even with subsequent contact of the irradiated solvent
with fresh 4.0 M HNOs.

The coloured species is therefore attributed to a DEHBA radiolysis product that complexes or reacts with HNO3 but forms only
in the absence of high concentrations of HNOs. Its dramatic appearance occurred under the same solution irradiation conditions
that showed increased plutonium extraction, suggesting it may be a degradation product of b2EHA and a precursor to the
degradation product attributed to plutonium retention under strip conditions.

Conclusions

The rate of DEHBA degradation by gamma radiolysis was found to be slow for organic-only conditions (-0.31 + 0.02 umol J=%) and
slower than that reported for TBP (-0.37 umol J™1).%7 Degradation rates in the presence of the aqueous phase were higher, an
average of -0.51 + 0.02 umol J=* . Oxidizing solvent system conditions, achieved through acidic aqueous contacts, enhanced rates
of DEHBA degradation by up to 65%. A gradual but minor loss in uranium extraction efficiency with absorbed gamma dose was
measured under all solution irradiation conditions, although stripping efficiency was either unchanged or improved. Plutonium
behaviour was more complex. An increase in extraction, Dp,, with absorbed gamma dose was recorded for organic-only conditions,
but not for acid contacts. Increasing strip Dp, values were found for organic-only and in the presence of highly acidic HNO3
solutions, which surpassed 1.0 by 250 kGy. This suggests the possibility of a uranium-plutonium co-extraction, followed by selective
stripping of these two important actinides.

Two of the major DEHBA degradation products (b2EHA and MEHBA) were identified and quantified by mass spectrometry and
found to sufficiently account for mass closure up to ~300 kGy when no aqueous phase was present. Enhanced plutonium extraction
and decreased stripping efficiency are attributed to b2EHA and potentially its degradation products. Numerous other oxidation
products are suggested by IR analysis for solutions irradiated in contact with the aqueous phase, and the appearance of colour
changes under certain conditions are the visual evidence of unidentified radiolysis products, despite a rigorous search using
multiple analytical techniques. Kinetic measurements for R** with DEHBA, b2EHA, and MEHBA have been performed,
demonstrating fast reactivity, but also the importance of other radiolytic pathways in accounting for total degradation.
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Fig. S1 Gamma irradiation (0.82 Gy s™) of organic only 1.0 M DEHBA n-dodecane solution: DEHBA (M),
MEHBA (@) and b2EHA (A). Fitted line from linear least squares fits to data, G(DEHBA) = -0.31 + 0.02
umol J72,
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Fig. S2 Gamma irradiation (0.82 Gy s™?) of biphasic 0.1 M HNOs contacted 1 M DEHBA n-dodecane solution:

DEHBA (M), MEHBA (@) and b2EHA (A). Fitted line from linear least squares fits to data, G(DEHBA) = -
0.53 +0.02 umol J™%.
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Fig. 53 Gamma irradiation (0.82 Gy s™!) of biphasic 3.0 M HNOs contacted 1 M DEHBA n-dodecane solution:
DEHBA (M), MEHBA (@) and b2EHA (A). Fitted line from linear least squares fits to data, G(DEHBA) = -
0.49 +0.02 umol J™%.



Reaction Kinetics
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Fig. S5 Second-order determination of the rate coefficient for the dodecane radical cation reaction with
MEHBA. Solid line is a weighted linear fit, with slope corresponding to the second-order rate coefficient,
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and 10.0 (Cyan) mM MEHBA.
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=(6.52 + 0.40) X 10° Mt s™%. Inset: Transient kinetic decays of the dodecane radical cation in n-dodecane

solution containing 0.5 M dichloromethane in the presence of 0 (Black), 2.5 (Red), 5.0 (Blue), 7.5 ( )
and 10.0 (Cyan) mM b2EHA.



Mass Balance
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Fig. S7 Mass balance, assuming radiolysis of a single DEHBA molecule yields either one MEHBA or
one b2EHA molecule, from the gamma irradiation (0.82 Gy s™?) of 1.0 M DEHBA n-dodecane solution:
organic only (M), and biphasic contact with 0.1 (@) and 3.0 (A) M HNOs.

Mass Spectrometer Parameters
Source Parameters
End Plate Offset: 500 V
Capillary: 4500 V
Nebulizer Pressure: 4.0 bar
Dry Gas flow rate: 9.0 L min™*
Dry Gas temperature: 220 °C
Mass Range: 40-800 m/z
Tune Parameters
Funnel 1 RF: 200 Vpp
Funnel 2 RF: 200 Vpp
IsCID Energy: 0.0 eV
Hexapole RF: 121.4 Vpp
Quadrupole lon Energy: 4.0 eV
Low Mass Cutoff: 40.00 m/z
Collision Energy: 8.0 eV
Collision RF: 227.8 Vpp
Transfer Time: 80.8 us

Pre-Pulse Storage Time: 5.0 us



Mass Calibration

The tune mixture was composed of formic acid (Fisher Optima) and 1 M sodium hydroxide (Fisher,
prepared in Fisher Optima LC/MS grade water) diluted in 50/50 water/2-propanol with a volume ratio of
1:5:100 (formic acid:1 M NaOH:50/50 water/2-propanol). The tuning mix was infused from 0.1 — 0.3
minutes and from 9.0 — 10.0 minutes in the run. Mass calibration was preformed using Bruker Data
Analysis software using Automatic Internal Calibration the data at 9.5 — 10 minutes with the HPC
calibration algorithm. The mass accuracy of the tune mix peaks infused from 0.1 — 0.3 minutes are used
to verify the stability of the mass calibration throughout the run.



Degradation Product Analysis

Table S1. Compounds observed in the organic phase as a function of experimental conditions. ‘L’ stands
for DEHBA.

m/z |Formula Unirradiated |0.1 M HNO; (4.0 M HNO;

130.1 | [CgH17NH2] H* *

171.1 | Contaminant *

200.2 |[C12H24NO]H* (MEHBA) | * * *

242.2 |[CieH3sN] H* (b2EHA) * *

256.2 | [Ci6H33NO]H? * *

270.2 | [C16H31NOLJH" *

310.2 | [CxH3sNO]H? * *

312.2 | LH+ (DEHBA) * * *

326.0 | [C2oH3sNOO]H* *

328.0 | [CHaoNOOH]H* *

334.2 |LNa* *

350.0 |LK* *

357.3 [ConmNzOg]H+ (+N02) *

354.3 | Contaminant * * *

368.3 *

379.2 *

382.3 *

410.5 |[CagHsoN]H* *

422.4 *

447 .3 *

480.5 | [C3HesNO]JH* *

533.5 * *

551.7 | [C3sH74N2O]H* *

5536 [(C20H41NO)(Ci6H3sN)H* "
(adduct)

621.6 | [CaoHsoN,02]H* *

623.6 |LH* * * *

645.5 |L;Na* * * *

661.1 |LK* *




Intens.

mars00(4B90.d: +MS
x106

1.00 0 kGy

0.75
+

0.50 3143097

0.25

130.1087 20011641 256.L2337
1+ mars00(qB68.d: +MS

200.1660

>':‘O
o2
IOQ

1.04 1250 kGy 0.1M HNO;
0.8—-

0.6
0.4 242.2543 +
3143091

0.2+
256.2337

0 A N A L A N Y
xlO% mars00(B98.d: +MS

4 1250 kGy 4.0 M HNO:;
1.0

0.8+ 1+
1 242.2471
0.6

0.4 1

0.2+ 200.1573

1 130.1045
0.0 \ N i \ SN O WV S R

T T T T 1 *
120 140 160 180 200 220 240 260 280 300 320 m/z

Fig. S8. ESI-MS spectra of organic phases of 1.0 M DEHBA n-dodecane solution before and after irradiation
(1.25 MGy) in contact with either 0.1 or 4.0 M HNOs. In order to detect the minor peaks, the intensity of
the peak corresponding to DEHBA is cut.
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and 312.
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Fig. S10 CID spectra for the main ions at 326, 328, 357, 480, 551, and 553.



Degradation Schemes

/\/\dNH O
h /\/\d
/\/)J X N*/\
(MH*=242) /\/)J 1
&can)zNH

+CyoHys 1 o
/\/\d 5 N
" _— )k/\ .
N
C12H25
C12H25

(MH*=410) (MH*=551)

(MH*= 480)

Fig. S11 Proposed radiation-induced DEHBA degradation pathways in the presence of low 0.1 M HNOs,
informed by degradation product analysis.
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Fig. S12 Proposed radiation-induced DEHBA degradation pathways in the presence of 3.0 HNO3, informed
by degradation product analysis.
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Colour Development
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Fig. S13 Colour change of gamma irradiated organic-only 1.0 M DEHBA n-dodecane solution following
contact with 4.0 M HNOs (extraction conditions). From left to right: 0, 81, 163, 214, 292, 405, and 639 kGy.
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