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Probing Fundamental Radiochemical Properties

Detection and Separation
(Fuel Cycle, Critical Materials)

Medical Applications
(Molecular Imaging & Therapy)

Decontamination and 
Remediation

CBRN
threat 

Targetry and
New Element Discovery

Energy 
Production (RTG)
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Radionuclide-Specific Chemical Sequestration

• Detection
• Characterization
• Separation
• Immobilization

TALSPEAK
PUREX

Molten Salts
Fuel Degradation
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Stability Trends and Charge Selectivity
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Pu4+ vs. Lu3+, Gd3+, Cf3+, UO2
2+
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Controlling the Oxidation State of An Ions
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TBP Extractant

3,4,3-LI(1,2-HOPO) Complexant
No Complexant

Pu4+
NpO2

+/Np4+
UO2

2+

PUREX: Reduction of Np(V) to Np(IV)

Sep. Purif. Technol. 2021, 259, 118178 7
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TALSPEAK-Like An/Ln Separation at Low pH 

ACS Omega. 2020, 5, 12996-13005

Hydroxypyridinone Derivatives: A Low-pH Alternative to
Polyaminocarboxylates for TALSPEAK-like Separation of Trivalent
Actinides from Lanthanides
Yufei Wang,§ Gauthier J.-P. Deblonde,§ and Rebecca J. Abergel*

Cite This: ACS Omega 2020, 5, 12996−13005 Read Online
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ABSTRACT: Separation of lanthanides (Ln) from actinides (An)
is unanimously challenging in reprocessing used nuclear fuel
despite of much dedicated efforts over the past several decades.
The TALSPEAK process is the current reference method in the
United States for Ln3+/An3+ separation but suffers from several
limitations, such as a narrow working pH window (3.5−4.0), costly
pH buffers, and slow extraction kinetics. Studies aiming at
improving TALSPEAK have so far focused on polyaminocarbox-
ylates hold-back reagents. Here, a new class of water-soluble
ligands comprising hydroxypyridinone metal-binding units are
evaluated for Ln3+/An3+ separation. The model octadentate
chelator 3,4,3-LI(1,2-HOPO) (abbreviated as HOPO) was used
in combination with several industry-relevant organic extractants
to separate Gd from four transplutonium elements (Am, Cm, Bk, and Cf). Cyanex 301 GN and HDEHP worked best in
combination with HOPO, whereas HEH[EHP], Cyanex 572, and ACORGA M5640 did not yield practical Ln3+/An3+ separation.
Separation factors between Gd3+ and Am3+ reach about 50 with the HOPO/Cyanex 301 GN system and 30 with the HOPO/
HDEHP system. The results using HDEHP (SFGd/Am = 30, SFGd/Cm = 8.5, and SFGd/Cf = 773) are high enough for industrial
applications, and the proposed system works at pH values as low as 1.5, which simplifies the process by eliminating the need for pH
buffers. In contrast to previously proposed methods, the HOPO-based process is also highly selective at separating Bk from Ln3+

(SFGd/Bk = 273) owing to in situ, spontaneous oxidation of Bk(III) to Bk(IV) by HOPO. The optimal pH in the case of HOPO/
Cyanex 301 GN is 3.6 (SFAm/Gd = 50, SFCm/Gd = 23, SFBk/Gd = 1.4, and SFCf/Gd = 3.2), but this system has the advantage of extracting
An ions into the organic phase while keeping Ln ions in the aqueous phase, which is opposite to the conventional TALSPEAK
process. This study represents the first optimization of a TALSPEAK-like Ln/An separation method using a HOPO chelator and
paves the avenue for further developments of analytical science and reprocessing of used nuclear fuel.

■ INTRODUCTION
High-level liquid waste (HLLW), such as PUREX (plutonium
uranium redox extraction) raffinate, generates much heat and
remains highly radiotoxic for thousands of years mainly due to
the presence of long-lived fission products (some of which are
lanthanides, Ln) and minor actinides (minor An, mainly
consisting of Np, Am, and Cm).1 On the one hand,
partitioning and transmutation of minor An can effectively
reduce the heat load,2 long-term radiotoxicity, and con-
sequently the vitrified volume for HLLW repositories. On the
other hand, some Ln isotopes have higher neutron capture
cross sections than minor An and are problematic for
transmutation and closing the nuclear fuel cycle. Therefore,
among many different groups of radionuclides existing in used
nuclear fuel, separation of Ln from minor An is of particular
interest. The separation of Am3+ and Cm3+ from Ln3+ is very
challenging because they typically exhibit same oxidation state,
comparable charge densities, and similar hydrated ionic radii

and, as a consequence, very similar solution chemistry
behaviors.3,4 Discrimination primarily relies on Ln3+ ions
being slightly harder than An3+ ions. One approach for
separating Am3+ and Cm3+ from Ln3+ is using water-soluble
soft donor chelators to preferentially hold back Am3+ and
Cm3+ in the aqueous phase, while Ln3+ ions are selectively
extracted into the organic phase by hard donor extractants. A
different approach consists of using soft donor extractants to
selectively extract Am3+ and Cm3+ while leaving Ln3+ in the
aqueous phase.
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optimal separation, while that of Cyanex 301 GN is discussed
hereafter since its optimal pH range is 3.5−4 instead of 1.5.
Optimal Conditions for Ln3+/An3+ Separation. For a

robust separation process, the SF should be no smaller than
10,7 and the results described above show that both Cyanex
301 GN and HDEHP yield SF values greater than 10 in the
presence of HOPO. It should be noted that 3,4,3-LI(1,2-
HOPO) is just a model compound of the HOPO family, and it
was not initially developed for separation purposes; thus, even
more selective HOPO derivatives are likely to be developed in
the future. For the combination HDEHP/HOPO, as detailed
above (Figures 1−4), the best separation performances are
obtained at pH 1.5 with 1 mM HOPO and for Vo/Va = 1. For
Cyanex 301 GN, the Gd3+/Am3+ separation has been
optimized at pH 3.6. The influence of the HOPO
concentration and the phase volume ratio Vo/Va on the
extraction of Gd3+ and Am3+ in the system HOPO/Cyanex 301
GN are displayed in Figure 5. As mentioned above, this

extraction formulation allows for the preferential extraction of
Am3+ over Gd3+ under all the conditions tested. The HOPO/
Cyanex 301 GN system therefore offers a remarkable
opportunity to develop the reverse-TALSPEAK processes.
The optimal conditions for this system are 0.1 mM HOPO and
Vo/Va = 1.

Separation of Gd from Am, Cm, Bk, and Cf. The
optimized conditions determined above were used to test the
performance of the HOPO/Cyanex 301 GN and HOPO/
HDEHP extraction systems for the separation of Gd from Am,
Cm, Bk, and Cf. As shown in Figure 6, for both HOPO/
extractant systems, the extraction trend along the actinide
series is as follows: Am ≈ Cm > Bk ≈ Cf. The decrease in
extraction fraction from Am3+ and Cm3+ to Cf3+ is consistent
with recently reported DFT-calculated free energies of
complexation of [AmHOPO]−, [CmHOPO]−, and [CfHO-
PO]− that showed almost identical stability of the Am3+ and
Cm3+ complexes and a slightly higher stability of the Cf3+

Figure 5. Influence of the HOPO concentration in (A) the aqueous phase and (C) the phase volume ratio on Cyanex 301 GN extraction of Gd3+

(round solid line) and Am3+ (square solid line); (B, D) corresponding distribution ratios and separation factors (triangle dashed line). [Cyanex 301
GN] = 0.5 M in kerosene; Vo/Va = 1; pH = 3.55 ± 0.05; I = 1 M.

Figure 6. (A) Extraction fraction of Gd3+ and An3+ using Cyanex 301 GN (black bars, [Cyanex 301 GN] = 0.5 M in kerosene, pH = 3.6, [HOPO]
= 0.1 mM, Vo/Va = 1, I = 1 M) and HDEHP (pink bars, [HDEHP] = 0.5 M in kerosene pH = 1.5, [HOPO] = 1 mM, Vo/Va = 1, I = 1 M); (B)
corresponding distribution ratios (bars) and separation factors between Gd3+ and An3+ (triangle solid points) using Cyanex 301 GN (black) and
HDEHP (pink).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c00873
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A2NaIO6 Periodate Double Perovskites 
(A= Sr, Ca, Ba) (UNLV-U. Sheffield) 
• Candidate wasteform for I-129 immobilization
• Experiment – theory collaboration

• Synthesis &Characterization (N. Hyatt, U. Sheffield)
• Computational modeling (E. Kim, UNLV)

• 2 PhD students
• S. O’Sullivan (U. Sheffield); E. Montoya (UNLV)

• 2 Undergraduate students
• J. George (UNLV); C. Kirk (UNLV)

• 1 Publication

q Candidate wasteform for I-129 
Immobilization 

q Experiment-Theory collaboration
§ Synthesis and characterization (N. Hyatt, U. 

Sheffield, UK)
§ Computational modeling (E. Kim, UNLV, US)

q2 PhD students 
§ S. O’Sullivan (U. Sheffield, UK), 
§ E. Montoya (UNLV)

q 2 Undergraduate students
§ J. George (UNLV), C. Kirk (UNLV)

q 1 publication

A2NaIO6 Periodate Double Perovskites (A= Sr, 
Ca, Ba) (UNLV-U. Sheffield)q Candidate wasteform for I-129 

Immobilization 

q Experiment-Theory collaboration
§ Synthesis and characterization (N. Hyatt, U. 

Sheffield, UK)
§ Computational modeling (E. Kim, UNLV, US)

q2 PhD students 
§ S. O’Sullivan (U. Sheffield, UK), 
§ E. Montoya (UNLV)

q 2 Undergraduate students
§ J. George (UNLV), C. Kirk (UNLV)

q 1 publication

A2NaIO6 Periodate Double Perovskites (A= Sr, 
Ca, Ba) (UNLV-U. Sheffield)

Inorg. Chem. 2020, 59, 18407-18419 Slide courtesy of Eunja Kim (UNLV) 9
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Expected Impact

• Fundamental understanding of radiochemical properties
• Development of state-of-the-art techniques for characterization
• Development of new reprocessing methods
• Development of new on-line diagnostics methods
• Development of new wasteforms

• Training of next generation radiochemistry workforce
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Conclusion and Next Steps

• Development of chemical structures to control the chemical properties 
of various radionuclides of interest
• Extend to Th/Pa separation in molten salts
• Investigate radiolytic stability
• Process engineering at scale
• Couple separations with optical spectroscopy and mass spectrometry
• On-line diagnostic, forensics analysis 
• Opportunities for collaboration
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