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ABSTRACT
The radiolytic degradation of di-ethylhexyl-isobiggnide (DEHBA) was examined by
subjecting the compound to gamma irradiation, m@aguthe remaining concentration of the
intact compound, identifying the degradation pradumnd measuring uranium distribution ratios.
The combined effects of radiation dose, contachwafueous solutions of HNOand aeration
were also examined. The DH displayed significant stability at doses up t00Q kGy,
undergoing a slow exponential concentration deer¢lagt was accompanied by the appearance
of multiple degradation products. The most abuhdampounds that were formed by radiolysis
resulted from cleavage of the.ponytN and GuyinexyrN bonds, generating di-ethylhexylamine,
and mono- ethylhexyl-isobutyramide. Acid contaitt dlter the radiolytic pathways, with acid
favoring cleavage of thewonyrN bond, while a more diverse array of compoundeeviermed
in the absence of acid. Pulsed radiolysis experisnerere also conducted, in which picosecond
bursts of energetic electrons were used to irradsatutions of dodecane containing DBH,
formation of the dodecane radical cation was ingdéd, which serially reacted with DEHBA to

form radical or radical cation species intermediatihe formation of the observed products. The



slow degradation kinetics suggests that DEAIpossesses good potential for selective extractio

of uranium in fuel cycle extraction operations.

INTRODUCTION

The dialkyl-monoamide class of extactant molectias been studied for several decades as
alternatives to tributylphosphate (TBP) in PUREXéyseparations for the nuclear fuel cycle.
Their advantages over TBP, as summarized in awebig Gasparini and Gros$l, include
greater selectivity for uranium over fission progchigher radiolytic stability, generation of
inoffensive radiolysis products, and the eliminatif phosphorous. This latter point is referred
to as adherence to the CHON principle, in whichges#s are composed of only carbon,
hydrogen, oxygen and nitrogen, making them incinlerand thus preferable to phosphorous-
containing ligands for used nuclear fuel treatnpemposes.

An additional advantage of the dialkyl-monoamidesroTBP is the ease of their synthetic
tunability. This feature allows for metal ion sdleity to be designed into the structure of the
monoamide. For example, althoughalkane substituted monoamides have overall higher
extraction efficiencies for U(VI), branched-chailkane-substituted monoamides are used for
selection of U(VI) over Th(IV) and Pu(lV). Branclgrat thea-carbon of the alkane attached to
the carbonyl carbon was shown to increase the agarfactor for uranium from the tetravalent
ions including zirconiun? and to minimize third phase formation due to arerall lower
concentration of metal in the organic phB5ePrabhu et al. reported thakt-2-ethylhexyl-
butyramide (DEHBA, Figure 1) extracts U(VI) and ROQ( while di-2-ethylhexylisobutyramide
(DEHIBA) selectively extracts U(VI), although with a lewDy than for the unbranched
monoamidé? Thus, for U/Pu co-extraction, DEHBA is preferreghile for applications

involving selective extraction of U, DEBA is a better extractant. In the Gasparini andsSiro
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review™ the stability of monoamides towayetadiolysis was reported to be relatively unaffdcte
by the nature of the alkane groups, though MoWafgported that unsymmetrically substituted
monoamides were more susceptible to radiolytic dgna

Although it has been commonly claimed that the naomides have good radiation stability,
there are few literature reports quantitatively @stigating this. They involve mainly post-
irradiation studies of effects on solvent extratctand attempts to identify degradation products
by spectroscopic or GC methddid® The major products are invariably reported to be t
corresponding amine and organic acid, suggestipgure of the carbonyl C-N bond. For
example, Musika" ™ reported that the products dif2-ethylhexyl-hexanamide radiolysis were
di-2-ethylhexyl-amine and hexanoic acid. However,dbeondary amine was produced in sub-
stoichiometric amounts, suggesting that it hydretym the presence of acid. Similarly, Parikh
et al'® identified the main products af-hexyl-octanamide radiolysis using GC/GC-MSdas
hexyl-amine and octanoic acid. Uranium and plutonextraction and subsequent stripping were
little affected by an absorbed dose of 600 kGy.sThwas attributed to the innocuous, water-
soluble nature of the monoamide degradation predwdbich is in stark contrast to the
degradation products of tributylphosphate ('I{BaPﬁG], highlighting one of their advantages over
the conventional extractant. Similarty;2-ethylhexyl-amine antsobutanoic acid were reported
by Pathak et al. as the products of DBA irradiation in the presence of 3—4 M Hhl@nd the
ability to strip the loaded solvent of uranium gpldtonium was maintained even at 600 kGy
absorbed dos®@.

As the monoamides continue to be developed fornpeleapplication to the nuclear fuel
cycle, research has been focused on the behavidEBBA and DEHBA, (Figure 1). The goal
of this work is to provide a rigorous examinatidrtlze radiolytic decomposition of the uranium

selective DEHIBA by identifying its degradation @ogonstants and products using mass
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spectrometry and measuring the impact on the dradehavior of uranium(VI) by the

irradiated solvent.

EXPERIMENTAL
Materials

The DEHBA used in the preliminary work was prepared atoCado School of Mines (USA)
using a 1.2:1 molar ratio dko-butyryl chloride diluted in chloroform, added drape to a
mixture of the secondary aminbis-2-ethylhexyl-amine, diluted in chloroform and-ethyl-
amine. The dropwise addition was done in a nitragiemosphere at 5 °C under vigorous stirring.
Once mixed, the solution was refluxed for 2 hour6@°C. This solution was then filtered and
washed with water, 10 wt % sodium carbonate, aWHCI to remove unreactedi-ethyl-amine
as well as residuaiso-butyryl chloride. The solution was then dried wisodium sulfate
overnight. To purify the product, chloroform wasn@ved by rotary evaporation followed by
vacuum distillation. Characterization By-NMR showed the product to be 99%-+ pure. Upon the
need for larger volumes for irradiations and sotvextraction, DEHBA was purchased from

Technocom (UK).

Steady State Irradiations

A 1 M solution of the monoamide was prepared by lwoing the appropriate amount of
weighed DEHBA in dodecane for irradiation. Samples were imagefli using £°Co Nordion
Gammacell 220, at a dose rate that varied from-4.83 kGyh™ during the course of the
experiments. This dose rate was initially measwisidlg standard Fricke procedutésand then
subsequently corrected f8iCo decay. The sample chamber temperature wasxappartely 30

°C. The solutions were irradiated either as dryanig solutions, or in contact with either 0.1 M
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HNO; (stripping acidity), or 4 M HN@ (extraction acidity). In some cases, the samplesew
irradiated in static, sealed containers, consideeskrated upon exposure to even low absorbed
doses. Some samples, as indicated in the text, weawated with air sparging at a rate of 1
mL-min?, as delivered from a compressed air bottle thromghass flow controller. This was
done to ensure that the samples so treated remsatechted with dissolved oxygen. Following
irradiation, the samples were split for analysighmy collaborating laboratories at CEA-Marcoule
and INL. Organic-only samples were irradiate®®0, 750, and 1000 kGy, while the 0.1 M and

4.0 M HNGs-contacted samples were irradiated to 500, 7500,1&6d 1250 kGy.

Pulsed Irradiations

Picosecond electron pulse radiolysis/transient gibem experiments were performed at the
Brookhaven LEAF facility, as described previoud®.Samples were irradiated in 1.00-cm
Suprasil semimicro cuvettes sealed with Teflon stoppThe doses per pulse for various
experiments were in the range 20—40 Gy. Time-resbkinetics were obtained using a FND-100
silicon diode detector and digitized using a LeCvggveRunner 640Zi oscilloscope (4 GHz, 8
bit). Interference filters (*10-nm bandpass) weredudor the wavelength selection of the

analyzing light.

Analytical Measurements

Electrospray ionization-Mass Spectrometry (ES-MS) analysis

The mass spectrometry measurements were recordpdsitive ion mode using a Bruker
Esquire-LC quadrupole ion trap equipped with arctedspray interface. A Cole Palmer syringe
infusion pump delivered the sample at a rate giiB®™ to the electrospray source. The capillary

voltage was set te4000 V. Nitrogen was employed as the drying andilizbg gas. The drying
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gas flow rate was 5.0 L minand the nebulizing gas pressure was set to 5.0Thsi source
temperature was 250 °C. Spectra were acquiredawegiss/charger(z) range of 452200 with

a trap drive setting of 50.0 at various skimmetagés. Helium gas was used as the buffer gas in
the trap to improve trapping efficiency and as liston gas for fragmentation experiments.

Each sample was prepared by dilution in acetoaitol a concentration of 1.0 x 40. To
favor the ionization of compounds and avoid thentfation of sodiated adducts, samples
irradiated without an agueous phase were acidbiefdre analysis by addition of 1 drop of 1 M
nitric acid. The ESI-MS measurements were takehiwi short time after sample preparation to
avoid any solvent influences on the speciation exrddation products. Species were identified
by comparison with an isotopic pattern calculatsohg the software DataAnalysis 4.0. lon trap
collision induced dissociation (CID) experimentsreveised to help identify the structures of
various species through fragmentation studies.

UHPLC-ES-MSanalysis

Aliquots of the same samples were also analyzédlatn positive ion mode, using a Dionex
(Thermo Fisher, Sunnyvale, CA) Ultimate 3000 UHPt@upled to a Bruker (Billerica, MA)
micrOTOF-Q Il electrospray ionization mass spec&ten (UHPLC-ESI-MS). The UHPLC-ESI-
MS was used to identify the degradation productsalinsamples and also to quantify the
DEHIBA concentrations in the two organic-only sample$he mass spectrometer nitrogen
drying gas flow rate was 9 min®, with a nebulizer gas pressure of 5.8 psi. Thesmas
spectrometer conditions were a capillary voltage48f00 V and a source temperature of 220
All solvents used for sample dilution and mobileapds were Thermo Fisher Scientific
(Waltham, MA USA) Optim& LC-MS grade. Samples were diluted by a factod@fin 2-
propanol followed by a factor of 4 x 4th 50 % /50 % acetonitrile/water prior to analysite

LC eluent was isocratic with 65% acetonitrile/35%% formic acid in water at a flow rate of
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400 pLmin®. Separations were achieved using 5 pL injecttbnsugh a flow-through needle
onto a Kinetex 1.3 pm particle C18 50 mm x 2.1 notumn (Phenomenex, Torrance, CA,
USA). Each sample was analyzed in quintuplicat&HIBA was quantified using a calibration
curve spanning the equivalent (accounting for ailjtof 2 M to 0.1 M DEHKBA. No standards
were available for the degradation products, so teeponse is the integrated LC-MS peak area.

GC-FID and GC-MSanalysis

Samples of DEHBA contacted with 0.1 M and 4.0 M HNQOde-aerated and aerated, were
analyzed using an Agilent (Santa Clara, CA, USAPOr&as chromatograph with Flame
lonization Detection (GC-FID) and an Agilent 789@as chromatograph with a 5975C MSD
electron-impact quadrupole mass spectrometer (GRIEL Samples were diluted into the mM
concentration range in Thermo Fisher Scientific lf&m, MA USA) Optim& LC-MS 2-
propanol. Each sample was analyzed in triplic&eth systems used a Restek (Bellefonte, PA,
USA) Rtx-5 (30m x 0.32 mm ID x 0.25 um)d For the GC-FID analysis, the injector and
detector were held at 300 °C throughout the rume ®ven was held at 100 °C for 1 minute,
followed by a ramp at 15 °C/min to 275, and a finald at 275 °C for 1 minute. For the GC-EI-
MS analysis, the injector and ion source were la¢l#50 °C, while the quadrupole was held at
200 °C for the duration of the run. The oven weklkat 100 °C for 1 minute, followed by a
ramp at 10 °C/min to 300 °C, with a final hold &@03°C for 1 minute. Quantification of
DEHIBA by GC-FID and GC-EI-MS produced statisticallylistinguishable results, though the
uncertainties for GC-FID were lower than thoseG&-EI-MS.

FT-IR analysis

Organic phase samples were analyzed with a BruketeX 70 spectrometer equipped with

an attenuated total reflectance cell. All specteaencollected between 466000 cnt, using 32

scans and a resolution of 4 ¢m



Uranium (VI) Solvent Extraction

Uranium solvent extraction distribution rati@,, were measured for both irradiated and non-
irradiated solutions at INL. The aqueous phaseainet 1 x 19 M natural uranium at the
appropriate acidity. Preliminary experiments durihgs study showed that neither acid pre-
equilibration of the organic phase, nor varioustaontimes over the range of 30 sec—10 min
affected theDy value. Subsequently the extractions reported heee non-pre-equilibrated, 30-
sec, equal volume contacts at 23 %2 Although 4 M HNQ is proposed for process application
extractions, the maximumy value here was obtained at an initial aqueousehaslity of 6.5
M HNOs. Therefore allDy values to examine irradiation effects were meabatethis initial
acidity. Stripping was performed using 0.1 M HN@ith 1-min contacts. These concentrations
were determined by mass spectrometry using a Th&rseries 2 ICP-MS with a Teflon sample
introduction system and platinum cones. During ysislof organic solutions, 0.2min™ of 20
% oxygen in argon was added to the spray chambaidtin combustion of the organic material
and to reduce build up on the cones. Organic soistivere emulsified with Triton TX100 into
the normal 1 % nitric acid solution used to dilgtmples prior to analysis. Mass balances were
calculated by comparison to the initial aqueousl feenium concentration and averaged 98 + 6

%.

RESULTSAND DISCUSSION
Degradation ratesfor monoamideradiolysis

The radiolytic decay kinetics of DEBA can be determined by monitoring the concentratio
of the monoamide in organic solution as a functodnabsorbed dose. The concentration of

DEHIBA decreased slowly as absorbed dose increasexgessin Figure 2. The rate was slow
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and approximately 70% of the initial monoamide aarication remained intact even at an
absorbed dose of 1250 kGy, under all conditionacdity and aeration. The exponential nature
of the decay suggests pseudo-first order kinetizs dose constant is the appropriate description
of the radiolytic decay process.

Linear regression analysis of plots of the natloglof measured concentration versus
absorbed dose was used to determine the dose otnl)dor monoamide degradation as the
exponential constants of each equation. Thesesahnged from (2.0 + 1.0) x 1&Gy™ for the
4.0 M HNOs-contacted organic phase to (3.5 + 1.4) ® kGy* for the de-aerated organic-only
samples. The larger uncertainties in the two dganly samples are due to the larger
measurement uncertainties from the UHPLC-ESI-MSsuesaments.

A comparison of the dose constards/élues, Table 1) shows that rates of DEA radiolysis
in the organic phase were unaffected by aeratiohy @ontact with agueous HN@either 0.1 or
4.0 M). This suggests that all conditions had rdygfne same degradation kinetics, and the range
is attributable to the difficulties inherent in nseang the small concentration change that
occurred across these absorbed doses. The meanfornhll conditions for both trials in Table 1
is (3.0 £ 0.9) x 18 kGy'. These results are similar to those previousiyored for
diglycolamided!®2% where the aqueous phase and aeration had little effect on degradation
rates. However, the rate of monoamide degradasaabout a factor of 10 slower than for the
diglycolamided!® * The stability measured here seems to be of the sader of magnitude as
that found for malonamides in alkane irradiate@raffontact with an aqueous phase of water or
1-4 M nitric acid®¥ In that study, approximately 70-80 % of the initancentration of three
different malonamides remained after an absorbest dd 750 kGy Gmaionamides= 0.52-0.55

pumol-J* in presence of 4M nitric acid). It has been hipsized that for the DGAs, the ether



linkage is the most radiolytically vulnerable boindthe molecule. As the monoamides do not
have an ether bond, the observation that theiohgdi degradation rates are significantly lower
than those for the DGASs is consistent with thisdtjpsis.

In spite of the large body of literature examininBP radiolysis, fewG-values have been
reported for irradiation under conditions of contaith the acidic aqueous phase, and typically
the yield of the main decomposition product dibpitysphoric acid (HDBP) is reported instead
of the actual decrease in TBP concentration. Tli&ggpe values fall in the range of 0.05-0.5
pmol-J* for alkane solutions in the absence of the aqupbasé’® but obviously underestimate
the actual Grgp. Adamov reportedGrgp = 0.37umol-J* in the presence of acitf If the mean
dose constant reported here of 3.0 % kGy™ (for all six experiments) is used to calculaté-a
valué'® for the radiolytic degradation of initially 1 M DHBA, a value of-Gpgriga = 0.53

pumol-J* is obtained, which is comparable to that of TBP.

Radical cation reactionswith DEHIBA

The irradiation of non-acid contacted dodecanelt®son degradation of the diluent through
molecular ionization to generate solvated electr@gis,,), radical cations (GH.s ") and C-H/C-
C bond breakage to generate neutral radicalsl(C H*). Under aerated conditions it would be
expected that the carbon-centered radicals, hydragems and solvated electrons would react
with dissolved oxygen to form a suite of less-re&ctperoxyl (GH,0.") and superoxide
(HO,*/0,*) radicals. These conditions isolate the diluaslical cation (gHs*) as the major
reactive species that causes DBA degradation in the organic phase.

Therefore, in this study, we elucidated the kieetf this radical cation reaction with DEBA

in dodecane. These fast, pulsed, electron radlggperiments were performed as detailed
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previously!*® using 0.50 M CHCl,/aerated dodecane to isolate the radical catiom st
absorbance directly monitored at 800 nm. Typita¢#c data for the decay of this species in the
presence of DEHBA are seen in Figure 3. As the amount of DEA increases, the decay
becomes faster, indicating the dodecane radicarcatacting is being consumed by DIBA.
From the analysis of the shown decay curves theipset shown in Figure 3 is derived. The
slope of this plot gives the second-order rate @onidor the reaction of GHys* with DEHIBA

ask = (1.52 +0.11) x 1 Mtst:

CioHz6™® + DEHIBA - CioHoe+ [DEHIBA]™® (1)

This effectively diffusion-controlled rate constasuggests that this reaction would be an
important process in the overall organic phase atiggion of this ligand, and supports the
hypothesis that it may account for the appearafi¢leeom/z 310.2 compound (which is a ligand
formed by abstraction of two hydrogen atoms) wtiesccurs in the organic-only solutiovda

infra).

Organic phase analysisFTIR

To gain information about the nature of the degiiadaproducts formed under different
experimental conditions, IR analyses were perfornéglire 4 and Figure 5 show a comparison
of the sample spectrum before and after irradiatori000 kGy, for two conditions: without
aqueous phase and with 4 M HpN@resent, respectively. Figure 4 compares the impéc
irradiation alone to air-sparging during irradiation monoamide degradation without an aqueous
phase present. The solid line represents 1 M iBRHlissolved in dodecane before irradiation.

Upon irradiation, there appears to be little impacthe nature of the degradation products in the
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non-air-sparged sample. This could indicate that ttegradation products generated by
irradiation maintain similar functional groups dsetparent monoamide and are thus not
unambiguously observable by IR.

In the air-sparged sample, the spectra are sligtitfgrent. A shoulder appears at 1175"tm
which could represent a C—N stretch in an alighathine. A new peak is also observed at 1730
cm® as well as a shoulder peak at 1625'cifihe appearance of the peak at 1730" enight
indicate formation of a carboxylic acid (a commagrhdation product previously reported for
monoamides). Development of the shoulder peak 26 t@i' could indicate formation of a new
amide species by representing a shift in amidetiomality. Other species that are commonly
generated during monoamide degradation that wduavsC=0 stretches in this region include
ketones and esters. Interestingly, based on thigpadson, air-sparging of the sample during
irradiation changes the nature of the degradatrodyzcts formed compared to irradiation under
anaerobic conditions.

When the sample is irradiated in the presence iof, atightly different spectra are observed,
(Figure 5). The solid line in Figure 5 representsl DEHiBA dissolved in dodecane contacted
with 4 M HNO;. The spectrum of this sample shows a new kiN©noamide peak at 1587 ¢m
which has been assigned as the C=0 group bonddti@ *° % *!Other new bands appear at
1284 cmt, 940 cni, 827 cnt', and 686 cm, all of which are consistent with the presence of
nitric acid in the organic phase. After irradiatian both the air-sparged and non-air-sparged
samples, the same peaks appear as in the air-gdpaageple of the organic-only irradiated
sample: 1730 cth and 1625 cm. These likely represent bands from the same oilaim
degradation products that were observed in thaexkrarganic-only sample. Interestingly, there

is a clear decrease in the absorbance of the apdssenting the C=0-HNGtretch (1587 cih
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and 827 cnf) upon irradiation for both the air-sparged and -adrsparged samples. This is
consistent with a decrease of the nitric acid cotra#ion in the organic phase after irradiation.
The conclusions from this analysis are that undeh loxidizing conditions of acid and air-
sparging, similar degradation products are formadithese are slightly different than those that
formed due to irradiation of the de-aerated orgamase alone. To identify these products, the

samples were analyzed by mass spectrometry.

Organic phase ESI-M S analysis

Mass spectra of the irradiated and non-irradiasedpes show both the protonated and sodiated
parent monomer and dimer compoundsnak = 312.2, 334.2 andwz = 623.0, 645.5,
respectively. Also observed in the spectra of iatedl and non-irradiated samples is a product at
m/z = 242.2 corresponding tas-2-ethylhexyl-amine (DEHA), produced by carboxyNCbond
rupture. It should be noted that though traces &HB were also found in non-irradiated
samples, likely as an impurity from synthesis, d@swalso clearly generated during irradiation.
Supplementary Information Table S1 includes a surprafall degradation products found with
an indication of specific experimental conditionsdar which they were formed. Most products
were detected regardless the experimental condjtithough the relative yields of the
degradation products were affected by the expetiaheonditions.

In the low molecular weight region of the mass $peof the irradiated solutions, several
degradation products were detected (see Supplempelmfmrmation Table S1). The ESI-MS
spectra for two of the aqueous phase conditionsafneous phase, 4 M HNQare shown in
Figure 6. The 0.1 M HN@sample spectra were not shown because they ovayigiermediate
results between the no aqueous phase and 4 M;Hi¢@ditions and did not provide any

additional insight.
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In addition to the sub-monoamide mass region, apeak is observed at/z= 310.2 as well as
at values slightly higher than th&/z= 312.2 of the monoamide. The product observed at
m/z= 310.2 corresponds to the abstraction of 2 hydragems from the ligand to form a C=C
bond within the monoamide framework. This produaswbserved regardless acid concentration
and air sparging conditions. For samples in cométt the aqueous phase the species most
likely to react by H-atom abstraction is ti@H radical, which reacts with alkanes with faserat
constants. The same product was found under agidiemisconditions. In this case, the
monoamide may react with dodecane radical catignsldctron transfer. This has been reported
previously for the diglycolamidd¥) If so, the loss of H-atoms may occur through pmoto
elimination by the resulting monoamide radical @ati

Addition of an"OH radical to then/z = 310.2 ion would generate the ion seeméat= 328.0.
However, this product was also observed in the macganly solution and another oxidative
mechanism may account for its appearance. The pradoVz = 258.2 could be produced either
by carbonyl C—N bond rupture of the parent monoamam by H-atom abstraction from the
amine N-H bond of DEHA, followed by addition of OH to gea&r di-2-ethylhexyl-
hydroxylamine. This probably results from simp@H radical addition to the producell
radical. This product was observed only in air-gpdrsolutions at both acid concentrations. The
product at m/z = 200.2 corresponds to-&N@ond rupture resulting in the loss of one of Zhe
ethylhexyl groups to producenono-2-ethylhexylisobutyramide (EHBA). This species was
detected more at lower absorbed doses in the argaty samples than in the 4 M HNO
contacted samples, suggesting that it is suscepbbdcid hydrolysis.

For products of higher molecular weight, Figurenéw species appeared ratz = 551.7,

533.5, 480.5, and 410.5. Spectra generated by fM§mentation suggest thaiz = 551.7 is an

addition product of the monoamide with the amineHAE Two addition species between the
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dodecane or degradation products were identifieat 480.5 (monoamide + dodecane) and
410.5 (DEHA + dodecane). These high molecular itegpecies are likely produced by the
addition reactions of the carbon-centered radigaiserated by H-atom abstractions from the
corresponding reactants. The peakéat= 533.5 remains unidentified.

Interestingly, the higher molecular weight produetere observed to have the highest
intensities in the samples not contacted with areags phase during irradiation (Figure 7). For
samples irradiated in the presence of 0.1 M HN®e abundance of these species was less
intense. In the spectra of the samples irradiatetthe presence of 4 M HNQhese species are
completely absent. This indicates that the carlemtered radicals were scavenged by produced
‘NOsradicals under those conditions, although it m&shbted that no nitro-substituted species
were detected. Many of these nitro- or hydroxy-stlded species may have partitioned to the
agueous phase.

It is clear that the presence of acid during imfidn of the monoamide ligand impacts the
formation of higher molecular weight species. Thhsye appears to be competitive degradation
pathways for DEHBA degradation; an acid promoted pathway and athiadependent pathway.
Scheme 1 shows the proposed formation of low mtdeaueight degradation products for all
three conditions. Scheme 2 shows the proposed fanmdor the higher molecular weight
products in the absence of acid.

This conclusion correlates well with the FT-IR datdlected by supporting the observation
that the samples irradiated in the presence ofrasidited in new peaks in the spectrum, whereas
the organic only samples showed no difference wdmmpared to an unirradiated monoamide
solution. Interestingly, although the product disition is affected by contact with the acidic

agueous phase, the overall rate of monoamide datiwads not.
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Aqueous phase ESI-M S analysis

To aid in the understanding of the impact of aciarirt irradiation on monoamide
degradation, the agueous phase was next analyadztdomine if degradation products could be
observed. All ions detected in the aqueous phasetamwn in the Supplementary Information,
Table S2. The nature of the species identifiedhénaqueous phase by ESI-MS appears to depend
on nitric acid concentration. Figure 8 shows thecsa of the 0.1 M HN@irradiated DEKBA
agueous phase and Figure 9 shows the 4 M $B8d@ple. There are more species present in the 4
M HNOj3; sample than in the 0.1 M HN®ample.

The products DEHANYz= 242.2) and EHBA (m/z=200.2) were found in both the 0.1 M
and 4.0 M HNQ aqueous phases of the irradiated samples, withinmoax signal strength in the
samples irradiated between 5380 kGy. A new product was detectedvédz = 130.3, identified
as 2-ethylhexyl-amine, indicating loss of both &aband one ethylhexyl group, likely produced
by continued radiolysis of either DEHA or BBA. The detected signals of DEHA and iBA in
the aqueous phase decreased at higher absorbed, doggesting that these species are
susceptible to continued radiolysis in the aqugah&se, and as their signals decreased, the high-
intensity signal atn/z= 130.3 (2-ethylhexylamine) grew in. This signahtinued to increase to a
maximum at the highest absorbed dose of 1000 kGy.

Other unidentified ions whose signals increase iundance with increasing dose in the
4.0 M HNG; air-sparged samples wemaz = 126.2 (possibly ¢HisN, a doubly unsaturated
mono-alkyl amine), andvz = 142.2 (possibly gH;5N). The continued degradation of the DEHA
and EHBA to lower molecular weight, highly oxidized spesiwas favored under the oxidizing
conditions of aeration in the presence of high HMG@ncentration. Small amounts of the parent
monoamide were also identified in the aqueous pHasprevious studies, authors reported the

formation of carboxylic acid by rupture of the canlyl-N bond® ® 14 1% the case of DEHIBA,
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the carboxylic acid expected to form is butanoicl a€his species was not detected in either the
organic or aqueous phases. This is likely due édhtlrolytic degradation of the species resulting
in the formation of lower molecular weight specigsich are too low to be detected by the
analytical method used.
Effects of irradiation on uranium solvent extraction

The Dy for the extraction of non-irradiated DEHBA was consistent with expectations based on
literature result® ¥ It can be seen in Figure 10 that within the + 886artainty, there was no
change in uranium extraction efficiency with absatlwose to the maximum of 1000 kGy under
any irradiation condition. This is consistent withe high stability of DEHBA under all
conditions, the generation of decomposition prosigsach as EHBA, compounds with m/z = 310
and 326 (DEHIBA with a C=C bond and a C=0 bond) aigh molecular weight compounds
(m/z = 480, 551) that are likely also extractaatswell as the excess initial concentration of the
ligand in comparison with the tracer metal concaign (0.01 mM). It can also be seen that the
stripping Dy appears to gradually decrease with absorbed ddss.may be a result of the
presence of DEHBA radiolysis products in the aqueous strip solytiand the corresponding
stripping of uranium by these species. Although dleereases iy are not large, decreased

stripping distribution ratios can only be considete be advantageous to a process separation.

CONCLUSIONS

In contrast to previous literature claiming exoepal radiation stability for the monoamides,
the degradation rate of DEBIA is actually similar to that of TBP and the maomdes. It is
slow compared to the DGAs, and unaffected by contath an aqueous phase or aeration.
However, radiolytic product distributions vary witihadiation conditions. Based on these results,

DEHIBA apparently undergoes degradation via two patlsway acid promoted pathway, and an
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acid independent pathway. It is clear that the raomde degrades when irradiated in the
presence of an aqueous phase to form a seriesvef lmolecular weight species generated from
the cleavage of the C-N amide bond or C-N aminedbd¥s this is the active site during
synthesis, it is not surprising that this is thealwepoint in the ligand structure. The main
degradation products appear to be the secondargeaDEHA and the amine EBA. These
species, and the smaller fragments produced by thadioysis have increased solubility in the
agueous phase. Another product common to all mtemhi conditions was the species at
m/z = 310.2, which is identified as an unsaturatedvative of DEHBA, resulting from the loss
of two H-atoms.

In contrast, when an aqueous phase is not prebgiter molecular weight products are
generated via carbon radical addition reactionseurtie more reducing conditions. These
products have maximum abundance at 750 kGy, and dieerease with increasing absorbed
dose. Their significance to a biphasic solventastion process is probably inconsequential.

Solvent extraction results show that DBWA radiolytic degradation had little effect on
uranium distribution ratios even at absorbed dasdsgh as 1 MGy. The build-up of degradation
products in the aqueous phase apparently decretispding distribution ratios, which is not
adverse to a process application. Thus, thesenfysdior DEHBA are in agreement with
previous work that claimed generation of inoffeesiadiolysis products for the monoamidfes.
1113, IThjs, in addition to their CHON nature, suggesiat they are good candidates for the
development of advanced fuel cycles. Interestitigréuwork will include a comparison study on
then-alkane monoamide DEHBA that extracts more Pu(fVihe organic phase and is therefore

more likely to undergo radiolysis effects in potahtuclear fuel recycling processes.
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Figure 1: Structure adi-2-ethylhexyl-butyramide (DEHBA), (a) anddi-2-ethylhexyl-
isobutyramide (DEHiIBA), (b).
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Figure 2:DEHIBA concentration in the organic phase as a funaticabsorbed dose, for a) the
unsparged organic phase only (solid squares); argéuase with air sparging (open squares); b)
unsparged organic phase in contact with 0.1 M HE$0Iid circles); organic phase in contact
with 0.1 M HNG; with air sparging (open circles); ¢) unspargedaaig phase in contact with 4
M HNO; (solid triangles); and organic phase in contathwiM HNO; with air sparging (open
triangles). Each datum for the two organic-only pls is the mean of five injections measured
by UHPLC-ESI-MS, while each datum for the 0.1 M @@ M HNGs-contacted samples is the
mean of 3 injections measured by GC-FID. Erroslvapresent 99% confidence intervals.
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Figure 3:Transient absorption decays measured at 800 naofircane radical cation reaction
with 10 (open squares), 20 (open circles) and gér{driangles) mM DEHBA in dodecane at
22°C. Solid lines are fitted double-exponential decayset: Rate constant determination using
fast exponent fit values from kinetic traces. Blape of this line corresponds to a second-order
rate constant of k = (1.52 + 0.11) x"¥m™-s*, R = 0.99.
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Figure 4: FTIR spectra of 1 M DEBA dissolved in dodecane (solid black line), 1 MHIBA
dissolved in dodecane irradiated to 1 MGy (daslmes),l 1 M DEHBA dissolved in dodecane
irradiated to 1 MGy under air-sparging conditiodstfed line).
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Figure 5: FTIR spectra of 1 M DEBIA dissolved in dodecane contacted with 4 M HN6&blid
black line), 1 M DEHBA dissolved in dodecane irradiated to 1 MGy whiilecontact with 4 M
HNO; (dashed line), 1 M DEIBA dissolved in dodecane irradiated to 1 MGy ardsparged

while in contact with 4 M HN@(dotted line).
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Figure 6: ESI-MS spectra of DEBIA at 0 kGy (top), 1000 kGy organic phase only (dhég,
1000 kGy contacted with 4 M HNCbottom). All spectra were recorded in positivairation
mode, trap drive 50, skimmer voltage 30 V, nonsparged. Note: the intensity scale was chosen
to specifically show the lower abundance species.
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Figure 7: ESI-MS spectra of DEBIA at 0 kGy (top), 750 kGy organic phase only (nédd750
kGy contacted with 4 M HN@(bottom). All spectra were recorded in positivaization mode,
trap drive 50, skimmer voltage 30 V, non-air spdrgdote: the intensity scale was chosen to
specifically show the lower abundance species.
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Figure 8: ESI-MS spectra of 0.1 M HN@queous phase irradiated with DEHIBA at 0 kGy (top)
500 kGy (middle), 1000 kGy (bottom). All spectrareeecorded in positive ionization mode,
trap drive 50, skimmer voltage 30 V, air sparged.
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Figure 9:ESI-MS spectra of 4 M HNQ@aqueous phase irradiated with DEHIBA at 0 kGy (top)
500 kGy (middle), 1000 kGy (bottom). All spectrareeecorded in positive ionization mode,
trap drive 50, skimmer voltage 30 V, air-sparged.
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Figure 10: Uranium solvent extraction Pfrom 6.5 M HNQ, (black symbols) and stripping
(with 0.1M HNG;), (grey symbols) using irradiated, initially 1 MHBBDIIBA in dodecane.
Irradiated organic phase only (solid squares);ggrhorganic phase (open squares); contact with
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+ 8 % omitted for clarity.
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Scheme 1: Proposed DA degradation pathway for the formation of low emllar weight
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Condition Dose Constandj (kGy?)

Organic Only — Unsparged (3.5+1.4)x1d

Organic Only - Sparged (3.0+1.2) x10
0.1 M HNG; Contacted — Unsparged (2.6 £0.6) X'10
0.1 M HNG; Contacted - Sparged (3.4 £0.7) 10
4.0 M HNGQ; Contacted - Unsparged (2.0 £ 1.0) X*10
4.0 M HNGQ; Contacted - Sparged (2.0 £0.9) x10
Average (3.0£0.9) x 1d

Table 1: Dose constantd, KGy") for the degradation of DEBA. DEHiBA exhibited pseudo-
first order kinetics, so dose constants were catedlfrom linear fits of plots of the natural lolg o
concentration vs. absorbed dose. Uncertaintie9@¥e confidence intervals calculated from the
standard error of regression based on 5 injectmers absorbed dose for the two non-acid
contacted conditions and three injections per diesbrdose for the four acid-contacted
experiments.
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Table S1: Compounds observed in the organic phaadunction of experimental conditions.
L stands for DEKBA.

m/z Formula Unirrad. Org. only 0.1 M HNO3 4 M HNO;
Unsparged Sparged Unsparged Sparged Unsparged Sparged

198 [GioH2oNOJH* X

200.2 [GoHNOJH* X X X X X X

236.1 X

240.2 [GgHasN]H* X X X X

242.2  [GgHasN] H* X X X X X X X

254.1 [GgHaNOJH" X X X

256.0 [GeHasNOJH" X X X

258.2 [GgHasNOJH" X X

270.3 X

284.3 X

292.1 X X

296.2 X

298.3 X

310.2 [GoHagNOJH* X X X X X X

312.2 LH+ X X X X X X X

326.0 [GoH3gNOO]JH* X X X X X

328.0 [GH4sNOOH]H" X X X X X

334.2 LN4 X X X X X X

340.2 [GoHa/NOs]H* X X

348.2 X

350.0 LK X X X X X X X

354.0 X X

364.2 X

379.2 X

380.1 X

395.3 X

408.4 [GgHsNJH" X X

410.5 [GgHsoNJH" X X

480.5 [GoHgNOJH* X X X

533.5 X X X

549.5  [CyeHy,N,OH" X X X

5517 [CqeH7uNOJH" X X

603.3 X X

623.0 L,H* X X X X X X

645.5 | ,Na* X X X X X X X

661.1 LK* X X X X X




Table S2: Compounds observed in the aqueous peas@&action of experimental conditions. L
stands for DEHIBA.

m/z Formula 0.1 M HNOs3 4 M HNO;3;
Unsparged Sparged Unsparged Sparged

126.2 [C23H15N]H+ X X X X

130.3 [CE;ngN]H+ X X X X

139.1 X

140.2 X

142.2 X X X

144.1 X

170.1 X

172.2 X X

186.2 X

198.2 [GtszzNO]HJr X X X

200.2 [CEL2H24NO]HJr X X X

202.2 X X

214.2 X X X

234.1 X

238.2 [Q6H31N]H+ X X

240.2 [GeHaaN]H* X X X

242.2 [GeHssN] H* X X

254.2 [Q6H31NO]H+ X

255.3 X

256.0 [GeHasNOJH* X

258.2 [GeHasNOJH* X

274.2 X

310.2 [CQ(]H39NO]H+ X X X

312.2 LH+ X X X

326.0 [QOH39NOO]H+ X X

328.0 [C\Z(]H40NOOH]HJr X

334.2 LN4

340.2 [Q0H37N03]H+ X X
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