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Radiation-Induced Effects on the Extraction Properties of Hexa-n-
octylnitrilo-triacetamide (HONTA) Complexes of Americium and 
Europium 
Tomohiro Toigawa,a* Dean R. Peterman,b David S. Meeker,b Travis S. Grimes,b Peter R. Zalupski,b 
Stephen P. Mezyk,c Andrew R. Cook,d Shinichi Yamashita,e Yuta Kumagai,a Tatsuro Matsumura,a and 
Gregory P. Horneb*

The candidate An(III)/Ln(III) separation ligand hexa-n-octylnitrilo-triacetamide (HONTA) was irradiated under envisioned  
SELECT (Solvent Extraction from Liquid waste using Extractants of CHON-type for Transmutation) process conditions (n-
dodecane/0.1 M HNO3) using a solvent test loop in conjunction with cobalt-60 gamma irradiation. The extent of HONTA 
radiolysis and complimentary degradation product formation was quantified by HPLC-ESI-MS/MS. Further, the impact of 
HONTA radiolysis on process performance was evaluated by measuring the change in 243Am and 154Eu distribution ratios as 
a function of absorbed gamma dose. HONTA was found to decay exponentially with increasing dose, affording a dose 
coefficient of d = (4.48 ± 0.19) × 10–3 kGy–1. Multiple degradation products were detected by HPLC-ESI-MS/MS with 
dioctylamine being the dominant quantifiable species. Both 243Am and 154Eu distribution ratios exhibited an induction period 
of ~70 kGy for extraction (0.1 M HNO3) and back-extraction (4.0 M HNO3) conditions, after which both values decreased with 
absorbed dose. The decrease in distribution ratios was attributed to a combination of the destruction of HONTA and 
ingrowth of dioctylamine, which is capable of interfering in metal ion complexation. The loss of HONTA with absorbed 
gamma dose was predominantly attributed to its reaction with the n-dodecane radical cation (R+). These R+ reaction 
kinetics were measured for HONTA and its 243Am and 154Eu complexes using picosecond pulsed electron radiolysis 
techniques. All three second-order rate coefficients (k) were essentially diffusion limited in n-dodecane indicating a 
significant reaction pathway:  k(HONTA + R+) = (7.6 ± 0.8) × 109 M–1 s–1, k(Am(HONTA)2 + R+) = (7.1 ± 0.7) × 1010 M–1 s–1, and 
k(Eu(HONTA)2 + R+) = (9.5 ± 0.5) × 1010 M–1 s–1. HONTA-metal ion complexation afforded an order-of-magnitude increase in 
rate coefficient. Additional nanosecond time-resolved measurements showed that both direct and indirect HONTA radiolysis 
yielded the short-lived (< 100 ns) HONTA radical cation and a second long-lived (µs) species identified as the HONTA triplet 
excited state. The latter was confirmed by a series of oxygen quenching picosecond pulsed electron measurements, 
affording a quenching rate coefficient of k(3[HONTA]* + O2) = 2.2 × 108 M–1 s–1. Overall, both the HONTA radical cation and 
triplet excited state are important precursors to the suite of measured HONTA degradation products. 

Introduction 
Efficient separation of the trivalent minor actinides (MA) from 
the trivalent lanthanides (Ln) is one of the major challenges for 
the development and innovation of advanced used nuclear fuel 
(UNF) reprocessing technologies. This separation is difficult to 

achieve due to the chemical similarities of the trivalent f-
elements,1-4 and yet critical for the success of proposed 
Partitioning and Transmutation (P&T) strategies for the 
conversion of long-lived MA into short-lived radionuclides.5 
Several trivalent MA/Ln separation processes have been 
developed over the years.6,7 The employed chemistries, 
although very successful at overall 4f/5f group differentiation, 
each suffer from various limitations, which complicate process 
implementation. For instance, TALSPEAK,8-10 Advanced 
TALSPEAK,10-12  ALSEP,13,14 and EXAm,15-17 processes require 
careful pH control, necessitating the use of buffers. Those 
processes also suffer from slow kinetics, as do various 
renditions of the SANEX process,18,19 which employ nitrogen 
heterocycle reagents. The management of waste streams is also 
problematic for TALSPEAK-type processes, as well as European 
options such as i-SANEX,20-22 EXAm,15-17 and EURO-GANEX23,24 
due to presence of non-CHON (carbon, hydrogen, oxygen, 
nitrogen) elements such as phosphorous and sulphur, which are 
not amenable to incineration.
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In light of these drawbacks, hexa-n-octylnitrilo-triacetamide 
(HONTA, Fig. 1) has been identified as a promising CHON 
candidate for achieving efficient MA/Ln separation under acidic 
conditions (pH < 1) without the need for additional 
complexants.25-27 Further, the performance of HONTA has been 
successfully evaluated beyond bench-top studies, as part of the 
proposed Solvent Extraction from Liquid waste using 
Extractants of CHON-type for Transmutation (SELECT) process,28 
using continuous counter-current mixer-settler extractors.27 
However, despite the promise of HONTA resolving current 
limitations in efficient MA/Ln separations, the radiation 
robustness of this molecule and the efficacy of its radiolytic 
degradation products on process performance are unknown. 
This knowledge is essential as all UNF solvent extraction 
processes operate under highly radioactive conditions.

The intense, multi-component (predominantly alpha, beta, 
and gamma) radiation field experienced by a UNF solvent 
extraction system promotes radiolytic degradation of both the 
organic (R – diluent and ligand) and aqueous (H2O/HNO3) 
phases, yielding a suite of primary degradation products 
outlined by Equations 1-3:29

R  e–, H, R+, R (1)⇝

H2O  e–, H, OH, H2O2, H2, Haq
+ (2)⇝

HNO3  e–, NO3, HNO2, O, Haq
+. (3)⇝

Many of these species are highly reactive and capable of driving 
chemical change through the destruction of active solutes 
(complexants, phase modifiers, holdback agents, etc.) and the 
formation of subsequent degradation products, which 
negatively impact process performance over time.30-33 One such 
impact is the perturbation of extraction and back-extraction 
properties, which in the case of HONTA may lead to a loss in 
MA/Ln separation efficiency. Consequently, the radiation-
induced behaviour of HONTA solvent systems must be 
elucidated to further develop HONTA based MA/Ln separation 
technologies.

To this end, we present a systematic investigation into the 
effects of radiation on HONTA in solvent system formulations 
representative of envisioned large-scale process conditions (n-
dodecane/HNO3). A combination of steady-state solvent loop 
gamma irradiation, americium-241 and europium-154 
distribution coefficient determination, and time-resolved 

pulsed electron radiolysis kinetic measurements were used to 
evaluate the radiation robustness of HONTA, subsequent 
impact on process performance, influence of f-element 
complexation, and fundamental radiation-induced processes.

Methodology
Caution! The americium-243 and europium-154 solutions used 
in this work were highly radioactive. Handling was performed in 
dedicated radiological and nuclear facilities using well 
established radiological safety protocols.

Chemicals. Americium-243 (243Am, τ1/2 = 7370 years, Eα = 
5.44 MeV) were sourced from on-hand oxide stocks at Idaho 
National Laboratory (INL). This material was purified by 
dissolution of 243Am2O3 powder in 6.0 M HNO3 and then passed 
through a diglycolamide (DGA) extraction chromatographic 
resin column (Eichrom Technologies Inc., Lisle, IL, USA). Resin 
adsorbed 243Am was desorbed with 20 mM hydrochloric acid 
(HCl). The HCl was then distilled off via a series of evaporative 
cycles (~85 oC) to yield a consolidated batch of americium 
trichloride (243AmCl3) – evaporated to near dryness – which was 
subsequently dissolved in 10 mM perchloric acid (HClO4). This 
final 243Am stock solution was standardized using a 
complexometric titration with diethylenetriaminepentaacetic 
acid (DTPA), where the 7F0  5L6 transition (max = 503.05 nm →
for Am3+, max = 507.85 nm for [243Am(DTPA)]2–)34,35 was 
monitored using a Cary 6000i UV-vis-NIR spectrophotmeter 
(Agilent, Santa Clara, CA, USA).

Europium-154 (154Eu, τ1/2 = 8.6 years, Eβ = 1.97 MeV) and 
americium-241 (241Am, τ1/2 = 432.2 years, Eα = 5.64 MeV) were 
supplied by Eckert & Ziegler (Berlin, Germany). Hexa-n-
octylnitrilo-triacetamide (HONTA, >96%) was synthesized as 
previously reported36 and supplied by Chemicrea Inc (Tokyo, 
Japan). Diethylenetriaminepentaacetic acid (DTPA, 99%) was 
purchased from Millipore-Sigma and recrystallized twice from 
hot water before preparation of complexometric solution. 
N,N,N’,N’-tetraoctyldiglycolamide (TODGA, 99%) was supplied 
by Technocomm Ltd (Wellbrae, Scotland, UK). Dioctylamine 
(DOA, >97%) was supplied by Combi-Blocks (San Diego, CA, 
USA). Dioctylformamide (DOFA, >95%) and dioctylacetaminde 
(DOAA, >95%) were sourced from Angene Chemical (Telangana, 
India). Europium(III) pentahydrate (99.9% trace metals basis), 
nitric acid (HNO3, ≥99.999% trace metals basis), perchloric acid 
(HClO4, ≥99.999% trace metals basis), hydrochloric acid (HCl, 
≥99.999% trace metals basis), n-dodecane (≥99% anhydrous), 
dichloromethane (DCM, ≥99.8%), carbon tetrachloride (CCl4, 
≥99.5% anhydrous), and potassium thiocyanate (KSCN, ≥99.0% 
ACS Reagent Grade) were obtained from MilliporeSigma 
(Burlington, MA, USA). FUJIFILM Wako Pure Chemical 
Cooperation (Osaka, Japan) supplied 2-propanol (≥99.7% HPLC 
grade). Unless otherwise stated, all chemicals were used 
without further purification. Compressed air, argon, and oxygen 
were purchased from Airgas (Radnor, PA, USA) with purities ≥ 
99.5%. Ultra-pure water (18.2 MΩ cm) was used to prepare all 
aqueous solutions.
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Fig. 1. Molecular structure of hexa-n-octylnitrilo-triacetamide (HONTA).
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Steady-State Irradiations. The effects of ionizing radiation 
on the radiolytic integrity and performance of HONTA under 
envisioned process conditions were evaluated using the Idaho 
National Laboratory (INL) Center for Radiation Chemistry 
Research solvent test loop in conjunction with gamma rays 
delivered by a Nordion Gammacell 220E Cobalt-60 irradiator.37 

The sample solvent system comprised of 559 mL of 0.1 M 
HONTA/n-dodecane organic phase pre-equilibrated thrice with 
0.1 M HNO3, and 575 mL of fresh 0.1 M HNO3 aqueous phase. 
The sample solvent system was irradiated for a series of doses 
up to ~350 kGy at a dose rate of ~2.03 kGy h−1 over 9 days. 
Dosimetry was determined by a combination of Fricke38 and 
methyl red39-42 methods corrected for changes in volume, 
volume ratio, and cobalt-60 decay (60Co, τ1/2 = 5.27 years, Eγ1 = 
1.17 MeV and Eγ2 =1.33 MeV). The presented absorbed doses 
are with respect to the organic phase and thus have been 
corrected for the electron density of n-dodecane (a factor of 
0.78).43 The rate of HONTA degradation is expressed as a dose 
constant (d) in kGy–1.44

Time-Resolved Pulsed Electron Irradiations. Reaction 
kinetics for some of the primary radiolysis products of n-
dodecane, HONTA, and TODGA were measured using a 
combination of picosecond and nanosecond pulsed electron 
radiolysis techniques available at Brookhaven National 
Laboratory (BNL) and the University of Tokyo, respectively. 

Rate coefficients for the reaction of HONTA and its 243Am 
and Eu complexes with the dodecane radical cation (R+) were 
determined at ambient temperature using the picosecond 
pulsed electron radiolysis/transient absorption system at the 
BNL Laser Electron Accelerator Facility (LEAF).45 Samples 
comprised of ~1 mL of HONTA/0.5 M DCM/n-dodecane solution 
in the presence and absence of 243Am or Eu. For metal complex 
preparation, aqueous 1.0 mM 243Am or Eu in 0.1 M HNO3 were 
separately equilibrated in a 1:1 volume ratio with 30 mM 
HONTA/0.5 M DCM/n-dodecane solution that had been pre-
equilibrated with 0.1 M HNO3. Previous phase transfer kinetic 
measurements ensured quantitative extraction of metal ions 
was attained after 15 minutes of equilibration for an organic-to-
aqueous phase volume ratio of unity.27 The organic phases of 
each contact were recovered following agitation and 
centrifugation. The initial 30 mM HONTA/0.5 M DCM/n-
dodecane stock solution and metal complex solutions were 
subsequently diluted by an appropriate amount of 0.5 M 
DCM/n-dodecane solution to attain a series of ligand and metal 
complex concentrations. All solutions were then transferred to 
screw-cap, semi-micro, 10 mm pathlength Suprasil cuvettes 
prior to irradiation. The residual 243Am bearing aqueous phases 
were analysed by gamma spectroscopy, using a DSPEC-jr 2.0 
digital gamma ray spectrometer equipped with an ORTEC 
GEM50P4 HPGe detector, to verify quantitative extraction of 
243Am by HONTA. Europium extraction efficiencies were 
determined by measuring Eu concentrations for both the 
aqueous and organic phases using an Agilent 7500ce ICP-MS 
system in the Institute for Integrated Research in Materials, 
Environments and Society (IIRMES) facility at California State 
University Long Beach, following EPA Method 200.8. Samples 
were diluted to obtain Eu concentrations in the range 1-500 

ppb, with rhodium used as an internal standard. Calibration 
curves were run at the beginning and end of every sample 
series, using at least 6 points in this range.

Direct decay kinetics of R•+ following radiolysis with ~15 ps 
electron pulses at LEAF were followed at 800 nm over 200 ns 
using an FND-100Q silicon photodiode (EG&G) and LeCroy 
(Chestnut Ridge, NY, USA) WaveRunner 66Zi transient digitizer 
(600MHz, 12 bit resolution) to give an experiment time 
resolution of 1-2 ns. Interference filters (10 nm bandpass) were 
used for wavelength selection of the analysing light. Second-
order reaction kinetics were extracted by fitting pseudo-first-
order double-exponential fits to the decay traces, corrected for 
HONTA and HONTA metal complex ([M(HONTA)2]) 
concentrations, and plotting as a function of solute 
concentration. 

Formation and decay kinetics for the HONTA radical cation 
([HONTA]+) and HONTA triplet excited state ([HONTA]ǂ*) were 
measured using the nanosecond pulse radiolysis S-band linear 
accelerator at the University of Tokyo.46 All measurements 
were performed using argon-saturated samples, comprising 2 
mL of either neat HONTA or HONTA/n-dodecane mixtures, in 10 
mm pathlength Suprasil cuvettes. Samples were irradiated with 
~10 ns electron pulses, with kinetics followed over a broad 
spectral range (300-900 nm) using a Xe flash lamp (Nissin 
Electronics) in conjunction with a SPG-120S UV-Vis  
monochromator (Shimadzu, Kyoto, Japan), S1722-02 Silicon 
photodiode (Hamamatsu Photonics, Shizuoka, Japan) and DPO 
7104 digital oscilloscope (Tektronix, Beaverton, OR, USA). 
Singular-value decomposition (SVD)47 was applied to the 
resulting 3D time-dependent-absorption-spectrum to 
deconvolute signals of [HONTA]+ and 3[HONTA]* using IgorPro 
software (Wavemetrics).

Confirmation of triplet excited state formation for HONTA 
and TODGA was achieved by performing a series of oxygen 
quenching experiments using the BNL LEAF. Dodecane solutions 
of both ligands were irradiated under either argon-saturated, 
aerated, or oxygen saturated conditions, with decay kinetics 
followed at 400 and 375 nm for HONTA and TODGA n-dodecane 
solutions, respectively.

Dosimetry for all pulsed electron experiments was 
determined using N2O saturated solutions of 10 mM KSCN at 
λmax = 472 nm (Gε = 5.2  10−4 m2 J−1).48 Quoted errors for the ×
reaction rate coefficients (k) are a combination of measurement 
precision and sample concentration errors.

High Performance Liquid Chromatography Electron Spray 
Ionization Tandem Mass Spectrometry (HPLC-ESI-MS/MS). The 
extent of HONTA radiolysis and complimentary degradation 
product formation in the organic phase was quantified by HPLC-
ESI-MS/MS using a Shimadzu (Kyoto, Japan) LCMS 8040 triple 
quadrupole mass spectrometer at the Japanese Atomic Energy 
Agency (JAEA). The gamma irradiated HONTA/n-dodecane 
samples were diluted 1:10,000 using HPLC grade 2-propanol 
prior to HONTA quantification and diluted 1:1000 for 
degradation product (DOA, DOFA, and DOAA) analysis. 
Degradation product separation was achieved using a Kinetex 
reverse-phase C18 column (5.0 μm particle size, 150 mm × 2.1 
mm id) held at 40 oC, and a mobile phase flow rate of 0.1 mL 
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min–1. The mobile phase comprised an aqueous phase of 0.1 vol. 
% formic acid in water, and an organic phase of 0.1 vol. % formic 
acid in 2-propanol. Initial mobile phase conditions were 1:1 
aqueous to organic. At injection, the ratio of the organic mobile 
phase was increased from 50% to 90% over 40 min, held at 90% 
for 14 min, and then decreased back to 50%. Presented error 
bars are standard deviations from triplicate HONTA and 
degradation product analyses. The signal intensity for HONTA 
exhibited a dependence on the concentration of HNO3, with the 
measured signal intensity decreasing with increasing HNO3 
concentration (0, 0.1, and 3.0 M). However, for the conditions 
investigated by this work (0.1 M HNO3) the signal intensity 
deviation from organic-only conditions was negligible.  

Extraction and Back-extraction Distribution Ratios. To 
evaluate the impact of HONTA radiolysis on solvent system 
performance, extraction and back-extraction distribution ratios 
(DM = [M]org/[M]aq) were determined for 241Am and 154Eu using 
the gamma irradiated HONTA/n-dodecane/0.1 M HNO3 solvent 
system. The HONTA/n-dodecane organic phases were loaded by 
contacting aqueous phases containing 0.1 M HNO3 and the 154Eu 
and 241Am radiotracers. The loaded HONTA/n-dodecane organic 
phases were then back-extracted by contacting aqueous phases 
containing 4.0 M HNO3. Prior to metal loading the organic 
phases were pre-equilibrated by vigorous shaking for 5 min with 
an aqueous phase containing 0.1 M HNO3 followed by 5 min of 
centrifugation. Equal volumes of organic phase and aqueous 
phase (containing metal ions) were then contacted by vigorous 
shaking for 5 min at room temperature (21.0  1.0 °C) followed 
by 5 min of centrifugation. Back-extraction experiments to 
remove metal ions from the HONTA/n-dodecane organic 
phases were performed in the same manner using aqueous 
phases containing 4.0 M HNO3. All solvent extraction 
experiments were carried out in triplicate, affording a precision 
of less than ±5%. After mixing, the two phases were separated, 
and a 1 mL sample of each phase was taken for radiometric 
counting to determine metal ion concentration. Gamma 
counting was performed, using an ORTEC GEM50P4 coaxial 
HPGe detector and DSPEC gamma spectrometer (AMETEK inc., 

Oak Ridge, TN, USA), to determine the ratio of radioisotope 
activity in each phase, allowing for calculation of 241Am and 
154Eu distribution ratios.

Results and discussion
HONTA Degradation Rate and Products. The loss of HONTA and 
ingrowth of three quantifiable degradation products 
(dioctylamine (DOA), dioctylformamide (DOFA), and 
dioctylacetaminde (DOAA)) as a function of absorbed gamma 
dose in n-dodecane/0.1 M HNO3 solution are shown in Fig. 2. 
HONTA exhibits a pseudo-first order decay with increasing 
absorbed dose, affording a dose coefficient of d = (4.48 ± 0.19) 

 10–3 kGy–1. This value is lower than dose coefficients ×
previously reported for TODGA – another prime candidate for 
MA/Ln separations49,50 – under a variety of solvent system 
conditions,51 e.g., d = (5.4 ± 0.5)  10–3 kGy–1 for gamma ×
irradiated 50 mM TODGA in n-dodecane in contact with 3.0 M 
HNO3.52 This result bodes well for the continued development 
of HONTA in MA/Ln separation processes.

The radiolysis of HONTA results in the formation of 23 
detectable degradation products in n-dodecane solutions – 
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see Supplementary Information (SI) – all of which generally 
increased with increasing absorbed gamma dose. Of these 
species three were quantifiable (DOA – Fig. S2, DOFA – Fig. S4, 
and DOAA – Fig. S5), of which DOA was the predominant, 
accounting for a maximum of ~40% of HONTA degradation. As 
is evident from the exponential growth kinetics for DOA in Fig. 
1, DOA is also progressively degraded with increasing absorbed 
dose. Consequently, mass balance could not be attained with 
the chemical standards (HONTA, DOA, DOFA, and DOAA) 
available. DOA was reported as a degradation product in TODGA 
radiolysis,53 arising from cleavage of the C-N acyl bond.54-56 
Further, DOA has been previously shown to complex several 
important elements – uranium, molybdenum, and zirconium57 
– the controlled mass transport of which are critical for effective 
UNF reprocessing. Consequently, the radiolytic formation of 
DOA can be expected to interfere with complexation, thereby 
effecting the performance of a HONTA based reprocessing 
solvent system. Further, many of the unassigned degradation 

products could also possess complexing functionalities, and 
thus are also be expected to play a role in effecting the mass 
transfer of various metal ions.

Radiation Effects on Americium and Europium Extraction 
and Back-Extraction Properties. The impact of gamma 
irradiation on the performance of a HONTA/n-dodecane/0.1 M 
HNO3 solvent system was evaluated by determining distribution 
ratios (DM) for 241Am and 154Eu under extraction (0.1 M HNO3) 
and back-extraction (4.0 M HNO3) process conditions, given in 
Fig. 3 (A) and (B), respectively. For both metals there is an 
induction period of ~70 kGy before the onset of a progressive 
decrease in distribution ratios at higher absorbed gamma doses 
for both extraction and back-extraction conditions.

The induction period is attributed to a combination of the 
progressive loss of HONTA and ingrowth of DOA, as shown in 
Fig. 2, which equates to ~14 mM of each. Loss of HONTA 
reduces the system’s ability to complex 241Am and 154Eu, while 
the radiolytic production of DOA facilitates the formation of 
different 241Am and 154Eu complexes that may exhibit 
enhanced/alternative extraction properties.

Dodecane Radical Cation Reaction Kinetics. The n-dodecane 
radical cation (R+) is believed to be the major organic phase 
transient species responsible for inducing radiolytic 
degradation under n-dodecane (R) irradiation conditions, and 
has been shown to exhibit significant reactivity with UNF 
reprocessing ligands:51,58-62

Ligand + R+  [Ligand]+ + R.→
(4)

The decay kinetics for this reaction with HONTA are shown in 
Fig. 4 (A), in which the lifetime of R+ is seen to decrease sharply 
with increasing HONTA concentration, affording a second-order 
rate coefficient of k = (7.6 ± 0.8)  109 M–1 s–1. Although this ×
value is lower than that reported for TODGA, k = (9.72 ± 1.1  ×
109 M–1 s–1),51 it is nonetheless effectively diffusion limited63 
and expected to be a major degradation pathway for HONTA in 
n-dodecane solvent system formulations.

Interestingly, when HONTA is complexed to either 243Am or 
154Eu its rate coefficient for reaction with R+ increases by over 
an order of magnitude, k = (7.1 ± 0.7)  1010 and (9.5 ± 0.5)  × ×
1010 M–1 s–1, respectively (Fig. 4 (B)). The effect of complexation 
on reaction kinetics indicates the availability of 
alternative/additional reaction pathways in comparison to the 
free ligand. The reaction of HONTA with R+ most likely proceeds 
via an outer-sphere electron transfer process, Equation 4, 
whereby an electron is transferred from HONTA to R+, 
generating the corresponding HONTA radical cation 
([HONTA]+). However, the f-element complexes of HONTA may 
also undergo inner-sphere electron transfer processes, 
whereby electron transfer to or from [HONTA]+ and the metal 
cation centre may subsequently occur and regenerate HONTA 
or promote its fragmentation.64 Complexation also involves a 
redistribution of electron bond density and changes in ligand 
geometry, which can weaken chemical bonds and alter steric 
hindrance, ultimately effecting chemical reactivity. Further, the 
f-element complexes of HONTA are expected to be significantly 
larger than the free ligand. Based on a 2:1 ligand-to-metal ratio 
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(B) Second-order determination of the rate coefficients for the R+ reaction with 243Am 
() and Eu () HONTA complexes: k([243Am(HONTA)2] + R+) = (7.1 ± 0.7)  1010 M–1 s–×
1 and k([Eu(HONTA)2] + R+) = (9.45 ± 0.5)  1010 M–1 s–1. Solid lines in rate coefficient ×

plots are weighted linear fits, with slopes corresponding to the second-order rate 
coefficient.
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for the HONTA complex under the conditions employed by 
these time-resolved studies,65 the metal complex might be 
expected to be ~2-3 times larger than the free ligand itself. As 
these reactions are effectively diffusion-controlled, based on 
the Smoluchowski diffusion equation, this would predict a 
similar increase in the reaction rate coefficient, which is much 
smaller than the order-of-magnitude increase seen 
experimentally, further highlighting the existence of additional 
processes.

Overall, the measured increase in rate coefficients for the 
reaction of HONTA with R+ upon f-element complexation raises 
the question as to whether this would translate into an 
increased rate of steady-state HONTA degradation. 
Furthermore, does metal ion complexation afford an alternative 
distribution of HONTA degradation products? To address these 
questions, analogous experiments specifically investigating the 
steady-state radiation-induced behaviour of metal-loaded 
HONTA solvent systems are presently underway.

Primary Products of HONTA Radiolysis. The [HONTA]+ is the 
initial product after reaction with the R+ (Equation 4) and can 
also be formed as one of the possible primary products from the 
direct ionization of HONTA:

HONTA  e–, [HONTA]+, [HONTA]*. (5)⇝

Consequently, the fate of this transient is directly related to the 
formation of HONTA degradation products, such as DOA, and 
thus the observed effects of radiation on the 241Am and 154Eu 
distribution ratios, and ultimately process performance. 
Consequently, understanding the kinetic behaviour of this 
species is also critical for evaluating the feasibility of a HONTA 
based reprocessing solvent system. The time-dependent 
absorption spectra and corresponding spectral absorptions at 
20 ns and 1 us for nanosecond pulsed electron irradiation of 
pure HONTA are shown in Fig. 5, from which more than one 
distinct radiolytic species can be seen to be formed. 
Deconvolution of these spectra by SVD analysis yielded two 
HONTA transients – a short-lived (nanoseconds) and a long-
lived (microseconds) species as shown in Fig. 6. Similar time 
profiles were reported by Sugo et al. for TODGA,66 although 
these were assigned to the TODGA radical cation ([TODGA]+). 
Here we assign the short-lived species (i = 1) to the [HONTA]+, 
seen to rapidly decay within 100 ns, and the second longer-lived 
species (i = 0) to the HONTA triplet excited state (3[HONTA]*), 
owing to its relatively long lifetime compared with typical 
singlet excited states.67 Complimentary experiments were also 
performed for HONTA/n-dodecane solutions, and showed the 
formation of the same two transients. These findings confirm 
their formation by both direct and indirect radiolytic processes, 
which is consistent with our picosecond pulse radiolysis results 
for the reaction of R+ with HONTA.

The long-lived species (i = 0) in Fig. 6 is thought to be the 
3[HONTA]* formed by direct excitation (Equation 5) and 
recombination processes (Equation 6):67 

[HONTA]+ + e–  [HONTA]*  3[HONTA]*. (6)→ →

This assignment is contrary to that previously reported for 
TODGA.66 Verification of our assignment was achieved by 
performing a series of oxygen (O2) quenching pulsed electron 
experiments for both HONTA and TODGA, shown in Fig. 7. (A) 
and (B), respectively. For both HONTA and TODGA irradiations, 
the lifetime of the longer-lived species (i = 0) decreases with 
increasing dissolved O2 concentration, which we attribute to 
quenching of the respective triplet states:
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3[HONTA/TODGA]* + O2  HONTA/TODGA + O2
*. (7)→

Assuming dissolved O2 concentrations of 0, 2, and 10 mM in n-
dodecane under Ar, air, and O2 saturated conditions, 
respectively, the following second order rate coefficients were 
derived: k(3[HONTA]* + O2) = 2.2  108 M–1 s–1 and k(3[TODGA]* ×
+ O2) = 1.6  109 M–1 s–1. Triplet quenching, as opposed to ×
carbon centred radical (R) capping (Equation 8), is supported 
by the magnitude of our O2 rate coefficients, which are lower 
than those typically reported for O2 addition to carbon-centered 
radicals in water (2-4  109 M–1 s–1):68  ×

R + O2  RO2
. (8)→

Interestingly, the quenching rate coefficient for 3[HONTA]* is an 
order of magnitude slower than that for 3[TODGA]*. Further, we 
do not see a complimentary growth of the triplet signal for 
TODGA under Ar-saturated conditions. This difference may be 
attributed to the relative energetics of the corresponding 
radical cations, where reaction of this species with chloride 
anions (Cl–) formed by CH2Cl2 scavenging of electrons is 
attributed to said growth:69

CH2Cl2 + eaq
–  CH2Cl + Cl– (9)→

[HONTA]+ + Cl–  3[HONTA]* + Cl. (10)→

Our data suggests that the [HONTA]+ readily undergoes this 
process, while the [TODGA]+ does not. This may be a 
consequence of the [TODGA]+ undergoing more rapid and/or 
alternative decay processes, e.g., proton transfer and/or 
dimerization. As such, follow up experiments are underway to 
resolve the differences in reactivity between these two 
transient species.

Conclusions
Gamma irradiation of HONTA/n-dodecane/0.1 M HNO3 
solutions caused pseudo first-order degradation of the ligand 
and generation of several products, of which dioctylamine was 
found to be the dominant quantifiable species. The combined 
loss of HONTA and ingrowth of dioctylamine resulted in 
progressively lower distribution ratios for americium and 
europium under both extraction (0.1 M HNO3) and back-
extraction (4.0 M HNO3) solvent system conditions after an 
induction period of ~70 kGy. 

HONTA radiolysis was believed to be predominantly driven 
by reaction with the n-dodecane radical cation, the rate 
coefficient for which was determined as k = (7.6 ± 0.8)  109 ×
M–1 s–1, for the free ligand, and k = (7.1 ± 0.7) and (9.5 ± 0.5)  ×
1010 M–1 s–1 for the corresponding americium-243 and 
europium HONTA complexes, respectively. The enhanced metal 
ion HONTA complex rate coefficients are indicative of additional 
reaction pathways facilitated by a combination of inner- vs. 
outer-sphere processes, redistribution of electron bond 
density, and changes in steric arrangements. 

Finally, the primary species generated by the direct 
radiolysis of HONTA were assigned to the short-lived (<100 ns) 
HONTA radical cation and longer-lived (microseconds) HONTA 
triplet excited state. Both species were also observed in 
HONTA/n-dodecane solutions, and consequently expected to 
contribute to the suite of measured HONTA degradation 
products. Excited state assignment was supported by time-
resolved oxygen-quenching experiments.
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