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Abstract. High-efficient separation of actinides (An) from chemically similar lanthanides (Ln) in high-level
liquid waste (HLLW) is a paramount challenge towards sustainable nuclear energy through closed fuel cycles
and radioactive waste minimization via partitioning and transmutation (P&T). This necessity stems from their
nearly identical physicochemical properties, specifically closely comparable ionic radii and highly analogous
coordination behavior. Solvent extraction, exemplified by industrial processes like PUREX (plutonium uranium
recovery by extraction) and TALSPEAK (trivalent actinide-lanthanide separation by phosphorous reagent
extraction from aqueous complexes), remains dominant due to high selectivity and operational maturity. How-
ever, it faces significant limitations, including organic waste generation, extractant degradation, and carbon
footprint. Alternative technologies aim to overcome these drawbacks. Crystallization separation exploits oxida-
tion-state differences, achieving ultra-high selectivity without organic solvents, but struggles with ligand acid
stability and An separation. Adsorption separation utilizes functionalized solid-phase materials, offering envi-
ronmental benefits and radiation resistance; however, it is hindered by slow kinetics in concentrated feeds.
Membrane separation leverages size-sieving or complexation mechanisms, providing low mass transfer
resistance and continuous operation potential, but requires complex pre-treatment or uncertain ligand
modification. Future advancements require synergistic innovation across three interconnected fronts:
(1) Molecular design of rigid, multidentate ligands incorporating soft N-donors and exploiting effects like Ano-
malous Aryl Strengthening (AAS) to enhance An/Ln selectivity and stability under extreme conditions; (2)
Process innovation integrating green technologies (e.g., supercritical CO, extraction, biomimetic adsorbents)
to eliminate secondary waste and developing multi-stage hybrid strategies to circumvent single-method limita-
tions; (3) Engineering optimization focusing on enhancing mass transfer, simplifying fabrication, and imple-
menting intelligent controls. Overcoming these challenges is crucial for developing efficient, environmentally
benign, and industrially viable An/Ln separation technologies to underpin advanced nuclear fuel cycles.

Keywords: Actinide/lanthanide separation / Solvent extraction / Membrane separation / Crystallization
separation / Adsorption separation / Spent nuclear fuel reprocessing.

1 Introduction

Nuclear energy, as a highly efficient and low-carbon energy
source, has been widely deployed globally since the 1950s
[1]. Its applications include nuclear power generation [2—
6], radiology and cancer medicine [7] (Figs. 1la-1b). Further-
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more, nuclear energy plays a role in the transformation of
the global energy structure and the pursuit of carbon neu-
trality goals [2, 6, 8] (Fig. 1c-d). However, the large-scale
utilization of nuclear energy is accompanied by the genera-
tion of high-level radioactive spent nuclear fuel (SNF) [4, 8-
12] and the risk of environmental contamination following
nuclear accidents [13]. Thus, the safe disposal and effective
resource utilization of SNF pose severe challenges to the
sustainable development of nuclear energy.

SNF contains over 95% underutilized uranium (U) and
plutonium (Pu). Currently, most nations employ the
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Fig. 1. (a) Nuclear energy in district heating; (b) nuclear energy in radiology and cancer medicine [14]; (c) annual nuclear electricity
generation since the 1970s (IAEA, 2022a) [14, 15]; (d) the proportion of nuclear power in electricity consumption (IEA, Ember, EIA,

national energy administration, 2026).

PUREX process, developed in the 1950s, to recover these
elements [6, 12, 16-18]. The recovered materials are fabri-
cated into Mixed Oxide (MOX) fuel for reuse in nuclear
reactors [19]. However, this process generates approxi-
mately 1% of the SNF by mass as HLLW. This waste
stream contains the primary determinants of long-term

environmental risk: long-lived minor actinides (MAs) such
as americium (Am), curium (Cm), and neptunium (Np),
alongside significant quantities of fission products, predom-
inantly Ln. MAs possess extremely high radiotoxicity and
decay periods that span tens of thousands of years, making
them the principal source of long-term thermal load and
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radiotoxicity in geological repositories [2, 10, 12, 20, 21].
While the P&T strategy aims to convert MAs into short-
lived or stable nuclides-significantly reducing the required
isolation time to centuries and substantially mitigating
repository burden and risk [6, 18, 22]-its core bottleneck
lies in achieving the efficient separation of An from Ln
[17, 23, 24].

Consequently, the separation of An and Ln is recognized
as one of the foremost chemical challenges in the nuclear
fuel cycle. This stems from their remarkable physicochemi-
cal similarities [3, 4, 6]: 1) Comparable Ionic Radii [12, 18,
22]: Influenced by the lanthanide contraction and actinide
contraction effects, their ionic radii exhibit minimal differ-
ences (e.g., r(Am*") = 1.115 A, r(Eu®") = 1.087 A). 2) Sim-
ilar Charge Density and Coordination Behavior [22, 25|:
According to the Hard and Soft Acids and Bases (HSAB)
theory, both An and Ln elements behave as hard Lewis
acids, exhibiting a strong preference for coordination with
oxygen-donor ligands. They form highly hydrated ions with
large coordination numbers in aqueous solutions, which
leads to nearly identical chemical behaviors.

This near-identical nature renders traditional separation
methods-such as precipitation and conventional solvent
extraction, largely inadequate. Crucially, Ln act as potent
“neutron poisons”’ due to their significantly higher neutron
capture cross-sections compared to MAs. Failure to achieve
effective separation results in residual Ln severely blocking
neutrons, drastically reducing MAs transmutation effi-
ciency and potentially undermining the P&T strategy. Cur-
rent industrial-scale separation technologies, such as the
U.S. reference process TALSPEAK, are fundamentally
based on the “soft-hard separation” principle. Specifically,
compared to the localized and weakly bonding 4f orbitals
of Ln, the 5f orbitals of An are more spatially extended
and higher in energy. This results in significantly greater
overlap between the wavefunctions of their electron clouds
and ligand orbitals. When coordinating with “soft” donor
atoms such as nitrogen or sulfur, the 5f orbitals of An can
participate more substantially in the frontier molecular
orbitals. As a consequence, An—N/S bonds exhibit stronger
covalent character relative to Ln-N/S bonds. This subtle
difference in covalency forms the electronic structural basis
for their separation from Ln. The TALSPEAK process pre-
cisely leverages this nuanced distinction in covalent interac-
tion by employing soft nitrogen/sulfur-containing donor
ligands (e.g., 3,4,3-L1(1,2-HOPO), HOPO) to selectively
chelate the more covalent An ions in the aqueous phase,
while hard O-donor extractants (e.g., di-(2 ethylhexyl)
phosphoric acid, HDEHP) in the organic phase selectively
extract Ln [12]. However, significant limitations persist,
including a narrow operational pH window (pH 3.5-4.0),
the requirement for costly buffer systems, slow extraction
kinetics, and overall complexity. Furthermore, solvent
extraction itself suffers from inherent drawbacks: large
equipment footprint, generation of difficult-to-treat organic
radioactive mixed waste, and challenges in tolerating high
radiation fields and extreme acidity. Therefore, the develop-
ment of efficient, highly selective, environmentally benign,
and engineering-feasible new technologies for An/Ln sepa-
ration constitutes a critical scientific frontier. This advance-

ment is essential for radioactive waste
minimization.

Several separation methods, including solvent extrac-
tion, membrane separation, countercurrent chromatogra-
phy, crystallization, and adsorption, have been explored
for An/Ln separation. Consequently, this review focuses
on the research progress of solvent extraction, membrane
separation, crystallization, and adsorption separation for
actinide/lanthanide (An/Ln) separations in nuclear waste
streams. Finally, future research directions and prospects

for these four separation methodologies are discussed.

achieving

2 Solvent extraction separation

Solvent extraction is one of the most competitive separation
technologies, renowned for its high selectivity, cost-effec-
tiveness, and operational convenience [26, 27] (Fig. 2a-b).
It has been extensively applied to the separation of metal
ions in complex matrices, with particular success in parti-
tioning An and Ln from nuclear waste streams [28]. Estab-
lished processes like PUREX [29] (Fig. 2¢) and
TALSPEAK [12] (Fig. 2d) exemplify the use of solvent
extraction for An separation, solidifying its status as the
most commercially viable and promising method for An/
Ln separation from nuclear wastes [6, 30]. The extractant,
a key component in the complex extraction process, plays
a pivotal role. Given the high acidity of nuclear wastes,
extractants designed for An separation must not only pos-
sess high efficiency and selectivity but also maintain excel-
lent stability under highly acidic conditions [31].

The TALSPEAK process (Trivalent Actinide Lan-
thanide Separation by Phosphorus Reagent Extraction
from Aqueous Complexes), developed in the 1970s, remains
a benchmark for trivalent An(IIl)/Ln(III) separation [30,
32]. In its classical form, TALSPEAK employs the acidic
organophosphorus extractant di-(2-ethylhexyl) phosphoric
acid (HDEHP) in an organic diluent to extract lanthanides.
Simultaneously, a water-soluble complexing agent (e.g.,
DTPA, lactate, or citrate) selectively retains trivalent acti-
nides in the aqueous phase by forming stronger complexes
[32]. Advanced variants like Advanced TALSPEAK [33],
ALSEP (Actinide Lanthanide Separation Process) [17],
and i-SANEX (innovative Selective ActiNide EXtraction)
[34] improve selectivity and acid tolerance. These typically
replace the lactate buffer with hydrophilic N-donor ligands
(e.g., SO3-Ph-BTP) or utilize combined extractants. Other
significant separation processes include: DIAMEX (Dia-
mide Extraction) for co-extracting An(IIT)/Ln(III);
SANEX (Selective ActiNide Extraction) for subsequent
An/Ln partitioning; GANEX (Group ActiNide EXtrac-
tion) for total actinide recovery[35]; and TRUEX for trans-
uranic elements [36]. While a detailed comparison is beyond
this review’s scope, selected examples are discussed later.

Recent research has identified numerous highly selective
extractants for An/Ln separation, including primary ami-
nes [37], pyridines [38], organophosphorus compounds
[39], phosphor amides [40], calixarenes [41], and sulfur-con-
taining extractants [42]. In solvent extraction, the amount
of metal extracted is quantified by the distribution ratio
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Fig. 2. (a) The general composition of SNF; (b) solvent extraction process [30]; (c) schematic representation of a typical
configuration for an oxide fuel reprocessing plant using the PUREX process [43]; (d) flowsheet of the advanced TALSPEAK process

demonstration test [44].

(D), defined as the concentration of the analyte in the
organic phase to its concentration in the aqueous phase.
For radioactive species, the radioactivity (A) of each phase
is often used instead of concentration, as radioactivity is
proportional to concentration and is typically easier to mea-
sure. To quantify the separation efficiency in liquid-liquid
extraction, the SF is evaluated. The SF is the ratio of the
distribution ratios of the elements to be separated. In this
context, the distribution ratio of the actinide (D,,) is the
numerator, while that of the lanthanide (Dr,) is the denom-
inator. Therefore, an SF > 1 indicates preferential extrac-
tion of the Dy, over the Dr,, while an SF < 1 indicates
no separation [42].

Sulfur-containing extractants, centered on selective
sulfur-actinide interactions, represent the most effective
method currently known for separating trivalent An(III)
from Ln(III) in a single step. These extractants preferen-
tially transfer An(IIl) to the organic phase, leaving Ln
(II) primarily in the aqueous phase [42]. Their primary
mechanisms are solvation and cation exchange. Solvating
extractants are neutral polar molecules that solvate metal
ions in the organic phase when the metal is associated with
appropriate anions to maintain neutral charge. Typically,
solvating extractants exhibit high extraction efficiency at
elevated acid concentrations and are stripped at lower acidi-
ties [42, 45, 46]. A representative example is carbamoyl-
methylphosphine sulfide (CMPS), extensively studied for
its ability to non-selectively extract trivalent Ln and An
from strongly acidic media in the Transuranium Extraction
(TRUEX) process. Matloka et al. [47] synthesized various
CMPS derivatives via the condensation of 2-(diphenylthio-
phosphoryl) acetic acid with different amine substituents
(Fig. 3a-b). These demonstrated exceptional separation

capability, achieving ~100% extraction of Th(III) while
extracting less than 20% of La(III), Ce(IIl), Nd(III), Eu
(III), and Yb(III) (Fig. 3d—e). However, CMPS exhibits lim-
ited An/Ln separation in 1 M HNO3, likely due to splitting
of the organic phase into two distinct phases. Aleksenko
et al. [48] investigated the mechanism using Pd(I) and
Re(I), finding that both metals formed M-S and M-O
bonds with CMPS. This indirectly explained the perfor-
mance decline in 1 M HNOj3 and suggested that adding syn-
ergistic agents could modify interfacial properties or
influence aggregation and micelle formation, potentially
mitigating the issue [46, 47].

Cation exchange extractants possess acidic functional
groups that exchange protons for metal cations from the
aqueous phase into the organic phase. Consequently, they
exhibit high extraction efficiency under low acidity
conditions and are stripped at higher acidities [45, 46, 49].
Prominent examples include bis(2-ethylhexyl) monothio-
phosphoric acid (HDEHTP) and bis(2-ethylhexyl) dithio-
phosphoric acid (HDEHDTP), which are among the most
widely studied [42, 50]. Pattee et al. [51] were the first to
use HDEHTP and HDEHDTP for An/Ln separation. They
found that HDEHDTP offered a higher SF (SF = 2.55) in
nitric acid compared to HDEHTP (SF = 0.89), while D val-
ues for both were consistent at ~0.06 within their respective
optimal pH ranges (pH = 1.7-3.6 for HDEHDTP and pH =
0.8-1.9 for HDEHTP) [52]. Jensen et al. [53] synthesized
Cyanex-301, which preferentially chelates Am(III) with an
extraordinary SFam g, exceeding 1000. However, a signifi-
cant drawback for industrial application is its oxidative
degradation under oxidizing conditions, gradually convert-
ing to Cyanex-302 and ultimately Cyanex-272, which sub-
stantially reduces selectivity [54]. This necessitates its use



Res. Des. Nucl. Eng. 2, 2026002 (2026) 5

3a: n=1, R;, R,=t-pent
3b: n=1, R,=Me, R,=t-Bu

() (b)
Q0

= 4a: n=2, R, R,=l-pent _P
o 4b: n=2, R,, R,=t-Bu S
(o}
o NH, NH
NH % 0§ %
) AR AR
3})“ o iyt HO o "H
o H R, 5 R,
R
R, /3 R, “3
R: 3 6a: n=1, R,, R,=t-pent
6b: n=1, R,=Me, R,=t-Bu
1: n=1, R=t-pentyl 7a: n=2, R,, R,=t-pent
2: n=2, R=t-pentyl 7b: n=2, R,, R,=t-Bu
) ® 100
100
80 80 1
60 5 60
3 N
w w
40 - 40
20 20 4
0

Th(l\r La(m)T Ce(lll)  Nd(Il)  Eu(il) ﬁYb(III) '

0- e — - —
Th(V)  La(lll)y  Ce(lll)  Nd(ll)  Eu(lll)

Yb(Ill)

Fig. 3. (a) Tris-carbamoylmethylphosphine oxide (tris-CMPO); (b) synthetic protocol for the synthesis of tris-CMPS extractants; (c)
diagram of one of the two symmetry independent terbium complexes in the structure of [7a-Tb(NOj)s|; (d) comparison of metal
binding by ligands 1 and 6a expressed by extraction percentage (%E); (e) comparison of metal binding by ligands 2 and 7a [47].

in combination with O-donor or N-donor ligands to sup-
press oxidation. For instance, Bessen et al. [22] and Wyrzy-
kowski et al. [55] employed thioethers as sulfur extractants.
The stronger C-S bond compared to P—S bonds maintains
metal coordination to sulfur sites even in nitric acid, and
thioethers generally require strong oxidants for degrada-
tion, making them less susceptible to oxidation by concen-
trated nitric acid.

Organophosphorus extractants, as a mature class of
industrial reagents, are widely used for An/Ln separation
in spent fuel reprocessing due to their strong extraction
capability and low cost [1] (Fig. 4a). Traditional types
include acidic and neutral organophosphorus extractants
(Fig. 4b). Recently, researchers have incorporated these
extractants onto pre-organized organic or inorganic scaf-
folds, creating rigid organophosphorus extractants with a
superior extraction capacity and high selectivity for An
[35]. These extractants typically feature highly charged
P=0 or P=S groups, which exhibit a strong coordination
affinity for f-block elements, thereby enhancing the extrac-
tion efficiency [42]. The high reactivity and strong bonding
capacity of phosphorus atoms impart strong polarity to the
P=0/P=S bonds, making the steric and electronic effects
more tunable and enabling the selective extraction of speci-
fic metal ions [56]. Furthermore, the alkyl or aryl side chains
enhance the lipophilicity and solubility in organic solvents,
increasing the saturation capacity [56]. Yang et al. [1] inves-
tigated the An separation capabilities of tributyl phosphate
(TBP), a,0-di(2-ethylhexyl) phosphoric acid (HDEHP),

octyl(phenyl)-N, N-diisobutylcarbamoylmethylphosphine
oxide (CMPO) and trialkylphosphine oxide (TRPO). Their
structural and mechanistic analyses elucidated the extrac-
tion mechanism at the molecular level and proposed design
strategies for novel organophosphorus extractants [57]. Hill
et al. [58] studied purified Cyanex-301, Cyanex-302, and
Cyanex-272 for Am separation from '"?Eu. By investigating
synergistic mixtures and slope analysis, they determined the
optimal molar ratio to achieve SF sy, /g, & 10. Additionally,
Yang et al. [59] enhanced the nitric acid extraction perfor-
mance of phosphine oxide ligands modified with O-donor
atoms, improving their suitability for industrial flowsheets.
Recognizing the performance decline of organophosphorus
extractants in nitric acid, researchers have often modified
them with O- or N-containing branches. For example, Hor-
witz et al. [36] and Goldberg et al. [60] reported O-modified
carbamoylmethylphosphonates (CMPs) and carbamoyl-
methylphosphine oxides (CMPOs) used in the TRUEX
process. These form six-membered chelate rings with metal
cations, acting as internal buffers by coordinating protons,
thereby improving their performance in nitric acid.
Despite their excellent separation capabilities, sulfur-
based and organophosphorus extractants pose serious envi-
ronmental concerns during reprocessing processes. Nitro-
gen-based extractants, however, generate cleaner residues.
Nitrogen-containing extractants (composed solely of H, C,
N, and O atoms) yield cleaner residues and are therefore
prioritized in current nuclear processing engineering [17,
61, 62]. Most N-donor ligands in these extractants feature



6 Res. Des. Nucl. Eng. 2, 2026002 (2026)
(a) e - Am, lightLn Am, Ln | Ln . |
DMDOHEMAT Am extractlor! _’Mo,Fe, e .MO. Fe RO Am e ol -Ln. |—> Spentsolvent
TPH Am/Cm separation stripping stripping stripping
o PUREX  TEDGA Mo,Ru  Citricacid @ HEDTAIDTPA Ln, TEDGA
: Raffinate pH3 Citric/lMalonicacid  Fe, Ru Oxalicacld
HeavyLn  4.5moilL pH3
Zr, Ru, Pd
(b)
ol .. r Ketay
g~ I/J A ﬁ
o : s |
o” SAONA- 3 RO~ \\ d “OR

TBp cMPO
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pyridine, pyrimidine, and benzimidazole moieties or are
incorporated into aromatic rings. For example, Zhang
et al. [63] synthesized N,N-diethyl-N,N-ditolyl-2,9-dia-
mide-1,10-phenanthroline, and Wei et al. [64] synthesized
pyridine dicarboxylic acid derivatives, both of which
achieved SF > 10. Wang et al. [65] developed novel asym-
metric phenanthroline ligands with pyrazole and amide
groups, leveraging mixed N/O donor effects, and achieved
SFAm/Ee = 34.5 in 1 M HNO; (Fig. 5a). Furthermore,
Wang et al. [66] designed unsymmetrical phenanthroline
diamide (DALPhen) via partial lactamization, balancing
rigidity and solubility, and achieved SFap /g, = 100 in
2 M HNOs (Fig. 5b). These extractants commonly employ
pyridine-diamide as mixed N,O-donor ligands, where the
soft nitrogen atom of the pyridine group imparts An(III)
selectivity over Ln(IIT), and the oxygen atom of the amide
group ensures a strong metal affinity [67, 68]. Furthermore,
organophosphorus and sulfur extractants suffer perfor-
mance degradation under strong nitric acid and high-radia-
tion fields [29]. To address this issue, researchers have
anchored N-donor atoms to macrocyclic or rigid platforms.
For instance, Cai et al. [6] synthesized five novel pillar [5]
arene-based extractants by attaching multiple pyridinedi-
amide groups, achieving SFa,, /g, > 11 in strong acid and
retaining performance after exposure to 250 kGy of y-radia-
tion. Gao et al. [69] synthesized completely preorganized
bis-lactam-1,10-phenanthroline (BLPhen) ligands featuring
benzyl-stabilized frameworks and varying alkyl chain
lengths. These highly stabilized ligands enhance acid stabil-
ity and actinide affinity, demonstrating exceptional Am
(II) /Eu(II) extraction and separation performance, with
maximum SF (SF k) of 68 and 53. Cai et al. [28] further
enhanced this by attaching the multidentate N-donor
ligand  2,6-bis(1,2,4-triazol-3-yl) pyridine (PyTri) as
hydrophobic pendants to the pillar [5] arene platform
(Fig. 5¢), creating an extractant with ten PyTri groups that
achieved an exceptional SFa, /g, of 172 in 1 M HNO;
(Fig. 5d). Xiu et al. [18] incorporated phenyl rings into
phenanthroline diamide ligands, leveraging the AAS effect
(where aryl substitution enhances ligand-actinide binding
[70, 71]), achieving SFaw k. = 53 in 4 M HNOj. These

HDEHP HA301 POPhon

) representative Organophos-

modifications enable nitrogen-containing extractants to
maintain outstanding performance under harsh acidic and
radiative conditions, circumventing the problems associated
with sulfur- and phosphorus-containing extractants.

Although conventional solvent extraction achieves satis-
factory extraction and separation performance, it often
faces issues such as environmental pollution and extractant
deactivation problems. Consequently, researchers have inte-
grated solvent extraction with other technologies to develop
novel approaches. Mincher et al. [72] proposed introducing
supercritical fluid technology (Fig. 6a-b). Since carbon
dioxide is an excellent solvent for fluorinated and phosphate
ligands, including traditional TBP used for industrial-scale
uranium separation, supercritical carbon dioxide (scCO,)
can replace conventional acidic aqueous phases and organic
solvents, eliminate subsequent liquid waste disposal and
reduce environmental risks (Fig. 6¢). For example, Koegler
et al. [73] used TBP(HNOs3); 8(H20)g6 in scCO» to extract
uranium and gadolinium from light-water reactor fuel,
achieving up to 98% uranium extraction with less than
1% plutonium co-extraction from actinide mixtures under
3 M HNOj; conditions. The separation of neptunium and
americium was also demonstrated under similar conditions
[74]. Geist et al. [34] reported a novel i-SANEX (innovative
Selective ActiNide EXtraction) process based on hydrophi-
lic ligands. This process operates without buffers or salting-
out agents in the aqueous phase and maintains good sepa-
ration efficiency even in 2 mol/L. HNOj3. For instance, Wu
et al. [2] employed the N,N,N,N-tetraoctyl diglycolamide
(TODGA) ligand within the i-SANEX framework to sepa-
rate actinides, achieving an impressive SFg, /ay, of 395.97 in
2 M HNOj. Furthermore, Zhou et al. [75] employed acidic
phosphoric chitosan (aPCS) as a complexing agent in
shear-induced dissociation-ultrafiltration (SID-UF) for
sequential Pr(IIT)/Nd(II) separation. By exploiting differ-
ences in coordination strength, they achieved a SF of 12.
The SID-UF technique employs shear stress to mitigate
membrane fouling, enables efficient metal-ion separation,
and permits complexing agent recovery without acid
decomplexation — simplifying the process and reducing
operational costs (Fig. 6d).
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Solvent extraction technology, leveraging its high selec-
tivity, operational convenience, and mature industrial
applications (e.g., PUREX and TALSPEAK), remains
the most competitive method for An/Ln separation from
nuclear wastes. However, extraction agents currently face
bottlenecks such as acidity sensitivity, oxidative degrada-
tion, and poor radiation stability. Therefore, next-genera-
tion extraction technologies should synergistically
optimize three key objectives through molecular design: 1)
Enhance stability under extreme conditions (strong acid/
high radiation) through rigid, multidentate ligands; 2)
Break through selectivity limits by exploiting An-specific
coordination mechanisms (e.g., soft N-donors, AAS effect);
3) Develop fully green systems (e.g., biodegradable

ligands/solvent-free extraction) to eliminate environmental
risks associated with nuclear waste processing. Concur-
rently, innovative processes (e.g., coupling supercritical flu-
ids with intelligent separation schemes) offer significant
promise for advancing separation technology towards
enhanced efficiency and sustainability.

3 Crystallization separation

Despite significant progress in multi-step solvent extraction
processes like PUREX for uranium extraction and single-
step processes like GANEX, several persistent challenges
remain. These include difficulties in separating MAs such
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as Np and Am [76, 77], the inherent complexity and strin-
gent control requirements of extraction processes (which
involve extraction, scrubbing, and stripping), and the gen-
eration of substantial secondary nuclear waste associated
with the use of organic solvents [10, 76, 78]. Consequently,
alternative separation methods are urgently needed to
address these challenges. Crystallization offers a promising
alternative by leveraging differences in solubility and crys-
tallization behavior for selective separation. This approach
simplifies the process, reduces organic waste, and can
directly yield high-purity solids, thereby avoiding challenges
associated with solvent extraction. The most extensively
researched strategy is “oxidation followed by separation.”
This commonly involves initial oxidation within a solution
using strongly oxidizing acids (e.g., nitric acid and bis-
muthic acid), followed by separation via crystallization
techniques [10, 79, 80]. Due to their higher atomic number,
An exhibit expanded valence electron orbitals resulting
from reduced shielding of the outermost 5f electrons,
enabling access to multiple oxidation states. Spherical acti-
nide ions [e.g., U(VI), Pu(VI), Np(VI), Am(VI)] can be oxi-
dized to form linear dioxo actinyl cations (e.g., UOy*",
PuO,? ", NpO,®", AmO,*"), while Ln, with the exception
of Ce, remain trivalent [10, 79, 81]. This oxidation state dif-
ferentiation provides a novel basis for separating An from
Ln. Researchers have thus developed crystallization separa-
tion techniques that exploit the resulting differences in coor-
dination behavior, solubility, or crystallization tendencies
between the oxidized An and trivalent Ln [80, 82, 83] .

This separation approach employs specifically designed
organic or inorganic ligands with complex and tunable
properties to enhance the differences in lattice formation
and coordination chemistry between Ln and An elements.
This amplification leads to divergent crystallization behav-
iors, enabling the production of high-purity crystalline
products through simple solid-liquid filtration [9]. The
application of this technology in fuel reprocessing began
in the 1980s. Kikuchi et al. [84] first described selective crys-
tallization for SNF reprocessing, demonstrating the effec-
tive separation of plutonium from uranium and other
fission products via plutonium co-crystallization. Wang
et al. [85] demonstrated the selective crystallization of
Eu®" as an oxalate complex in the presence of UOy? ", show-
casing its potential for separating Ln(IIl) from An(VI).
While these studies validated the feasibility of crystalliza-
tion separation, the relatively low separation efficiency
was insufficient to meet the demands for high-performance
partitioning. To address this, Gao et al. [11] exploited the
solubility differences of actinide and lanthanide oxides in
inorganic salt solutions. They achieved near-complete disso-
lution (~100%) of lanthanide oxides using an A1Cl; solution
at 75 °C, while coexisting actinide oxides remained largely
insoluble, achieving SF as high as SF,, /iy = 1630. Crucially,
the AICl; solution maintained 95.5% of its dissolution
capacity after three dissolution/precipitation cycles, indi-
cating strong potential for industrial application. Li et al.
[86] introduced the ligands 3,6-di-2-pyridyl-1,2,4,5-tetrazine
(L1) and its hydrolysis product pyridine-2-carbaldehyde
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(pyridine-2-carbonyl) hydrazone (L2) (Fig. 7a). Employing
fractional crystallization techniques, they achieved crystal-
lization efficiencies exceeding 98% and an extraordinary
SFuevry smam of 756,276 which is the highest value re-
ported. Remarkably, crystallization efficiencies remained
above 62% and SFy 1, exceeded 23,037 even under varying
ambient temperatures (Figs. 7b-7d). Considering the im-
pact of the highly acidic environment in spent fuel repro-
cessing on crystallization. It is important to note that this
high selectivity relies on the distinct linear geometry of
UO,>" compared to spherical Ln®" ions, which is a different
separation mechanism from the covalent differentiation
used for An(TIT) /Ln(IIT) separation. Nevertheless, it demon-
strates the potential of crystallization for recovering high-
valent actinides. Wang et al. [9] synthesized an N/O-donor
ligand, (E)-N’-(pyridin-2-ylmethyl) pyridinehydroxymidoyl
(PYPH). This ligand features a planar coordination mode
and enables the selective crystallization of U(VI) from
acidic solutions containing complex mixtures of lanthanide
ions. Due to its exceptional acid resistance, SF exceeding
100 were achieved for binary Ln(III/IV)/U(VI) systems
at pH = 3 and in 0.1 M HNOj3, facilitating effective An/
Ln separation in SNF waste.

In summary, while crystallization separation shows pro-
mise for partitioning actinides (An), particularly in higher
oxidation states like U(VI), from lanthanides (Ln), research
in this field remains at a relatively early stage. However, it
offers a novel approach distinct from solvent extraction for
partitioning and transmutation (P&T) of high-level liquid
nuclear waste (HLLW) and may help address some limita-
tions encountered in solvent extraction. Systematic reports
specifically focusing on Ln/An separation via crystalliza-
tion, especially for trivalent minor actinides versus lan-

thanides, are still limited. This highlights the necessity for
deeper exploration. A notable challenge lies in the design
of specific ligands capable of efficiently and selectively sep-
arating key actinides, such as UO,>", from all lanthanide
ions [87-89]. Furthermore, the stringent requirements im-
posed by the spent fuel reprocessing environment, including
extremely high selectivity, product purity, and strong acid
resistance, remain primary bottlenecks hindering the practi-
cal engineering application of crystallization separation
technology [90]. However, through sustained efforts to ad-
dress these key scientific and technical challenges, crystal-
lization separation holds significant potential to become a
core method for the efficient separation of An from Ln in
next-generation advanced nuclear fuel cycles.

4 Adsorption separation

While crystallization separation addresses the issue of sec-
ondary pollution inherent in traditional liquid-liquid extrac-
tion, it imposes stringent structural requirements on
ligands. The harsh environment of spent fuel reprocessing
further complicates the synthesis of ligands suitable for
crystallization, hindering its development. Compared to
crystallization, adsorption separation offers distinct advan-
tages with its simpler operation, flexible ligand design, and
ease of combination with robust solid supports, presenting
unique application potential. Adsorption separation
imposes lower structural demands on ligands and features
simpler and more versatile preparation procedures. Conse-
quently, researchers have focused on this method. Adsorp-
tion separation relies on solid-phase adsorbents
functionalized with specific groups (e.g., amide groups) or
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polymers (e.g., functionalized resins) designed for the selec-
tive adsorption of An [91]. This approach allows the use of
carriers composed of materials resistant to strong acids and
radiation, enabling stable operation under the demanding
conditions of spent fuel reprocessing. Joseph et al. [7]
demonstrated the feasibility of this approach using the nat-
urally occurring protein lanmodulin (LanM), which exhibits
exceptional selectivity for An over Ln, achieving SF exceed-
ing 10 (Fig. 8a-b). Gujar et al. [92] fabricated polyethersul-
fone (PS)-based composite polymer beads containing
TODGA via phase inversion technology. The incorporated
TODGA modulated the adsorption behavior towards An
like UO,*" and Np*' without significantly affectin% Am*"
adsorption, enabling the selective separation of Am®" from
Ln with hlgh SF (SFU/AH] - 8803 SFNp/Am - 877)

In addition to the novel materials discussed above, well-
established extraction chromatography resins (e.g., TEVA,
TRU, DGA, and LN resins from Eichrom/Triskem) are
widely used for analytical and small-scale separations of
actinides and lanthanides [91, 92]. These resins consist of
an inert support (e.g., silica or acrylic polymer) impreg-
nated with a selective extractant (e.g., CMPO, DGA,
HDEHP). They offer excellent batch-to-batch reproducibil-
ity, good radiation stability (up to several hundred kGy),
and ease of operation in column mode. For example,
DGA resins have been shown to effectively separate Am
(III) from Ln(III) in nitric acid media with SF in the range
of 10-100 depending on acidity [92]. However, their
relatively slow kinetics and limited throughput in high-
concentration feeds remain challenging for large-scale
implementation [91].

Although the aforementioned adsorbents achieve effec-
tive An/Ln separation, their reliance on conventional poly-
mers or biological materials, such as proteins, limits their
applicability in high-radiation fields. Fortunately, the
adsorbents used in adsorption separation can be modified
or combined with other materials to overcome the chal-
lenges posed by strong acids and intense radiation |20,
93]. Carbon-based materials such as graphdiyne, graphene,
and carbon nanotubes (CNTs) represent promising candi-

dates. For instance, Yuan et al. [94] successfully demon-
strated the potential of graphdiyne for adsorption
separation by selectively adsorbing Th*". Huang et al. [§]
characterized a three-dimensional graphene structure spec-
troscopically, revealing that its abundant oxygen- and
nitrogen-containing functional groups confer excellent
adsorption capacity for Eu(Ill) (~150 mg/g) and Th(IV)
(~220 mg/g). They further enhanced the utility of gra-
phene by loading it onto polyethyleneimine composite aero-
gel (GO-PEI), creating a material capable of selectively
adsorbing and enriching uranium ions from solutions with
a remarkable rejection rate of 99% [95]. Shao et al. [96]
achieved an astonishing adsorption capacity of 1960 mg/g
for uranium by modifying graphene oxide with polyaniline.
Sharma et al. [13] developed a highly radiation-resistant
adsorbent, PS-DGA-MWCNT, by incorporating diglyco-
lamide-functionalized —multi-walled carbon nanotubes
(DGA-MWCNTS) into a polyether sulfone (PS) matrix
(Fig. 9a-b). This composite material maintained excellent
separation performance even after exposure to 500 kGy
of y-radiation, demonstrating its capability for effective
An/Ln separation in SNF waste streams (Fig. 9c-d).
However, while adsorption separation effectively miti-
gates the influence of high-radiation environments and
avoids the pollution issues associated with liquid-liquid
extraction, it faces challenges related to adsorption kinetics
and relatively low throughput. This can result in slow sep-
aration efficiency and slow kinetics, which is particularly
problematic when processing feeds containing high concen-
trations of metal ions. Subsequent efforts should therefore
focus on developing novel adsorbent materials with
enhanced adsorption rates and higher processing capacities
(e.g., by optimizing pore structures and improving mass
transfer efficiency) or on designing more efficient separation
processes (e.g., continuous-flow fixed beds, membrane sepa-
ration modules). Additionally, in-depth investigation into
the mechanisms of selective and competitive adsorption
behaviors within complex, high-concentration systems is
crucial to overcome kinetic limitations and enhance separa-
tion efficiency and throughput in practical applications.
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5 Membrane separation

While adsorption separation has successfully mitigated the
challenges of strong acidity and high radiation in An/Ln
separation through the substitution or incorporation of
functional materials into the adsorbents, membrane separa-
tion offers distinct advantages. Compared to adsorption,
membrane separation exhibits lower mass transfer resis-
tance, reduced energy consumption, and potential for con-
tinuous operation, resulting in higher separation efficiency.

Membrane separation applied to An/Ln partitioning in
spent fuel reprocessing primarily relies on two separation
mechanisms: 1) Size-Sieving Mechanism: This approach
exploits differences in the hydraulic diameter of actinide
and lanthanide species for selective rejection through mem-
brane pores. This strategy’s success critically depends on
the pretreatment of the stream to oxidize An into linear
actinyl ions (e.g., AnO,”>"). The resulting hydrated actinyl
ions are substantially larger than their spherical Ln*" coun-
terparts, a difference that is further amplified and serves as
the key physical basis for efficient membrane-based sieving.
Porous carbon materials and organic framework materials
with narrow, well-defined pore size distributions hold signif-
icant promise [97]. Chen et al. [98] synthesized Graphene
Oxide Membranes (GOMs) with unique nanolayered struc-
tures, offering advantages such as strong mechanical stabil-
ity, controllable dimensions, and ease of fabrication [99,

100]. The interlayer spacing (and thus effective pore size)
of GOMs can be precisely tuned via physical confinement
or cation intercalation. Crucially, treatment with strong
oxidizing agents converts An into linear dioxo actinyl ca-
tions (e.g., AnO," "), while Ln retain their spherical triva-
lent ionic state, creating a significant difference in spatial
dimensions (Fig. 10a—b). Leveraging this, Wang et al. [79)]
developed a GOM capable of sieving An from Ln under
highly acidic conditions, achieving an impressive SF
(SF¢eyu) of 400 (Fig. 10c). Furthermore, the GOM’s sepa-
ration performance remained largely unaffected after expo-
sure to 100 kGy of y-radiation in 3.0 M HNOj solution.
Additionally, Zhang et al. [87] developed nanoscale polyox-
ometalate (POM) clusters with structural vacancies. These
clusters selectively coordinate with hexavalent An in nitric
acid to form larger actinide-POM clusters, amplifying the
size difference between An and Ln ions. By immobilizing
these POMs onto commercially available ultrafiltration
membranes, they achieved An/Ln separation via ultrafiltra-
tion [101-103], with rejection rates exceeding 90% for ions
such as U, Pu, and Am. Liu et al. developed a series of me-
tal-organic framework (MOF) membranes with tunable
pore apertures by systematically modulating ligand archi-
tectures, metal species, defect engineering, and crystal ori-
entation (e.g., MOF-808 (10.1A) [104] (Fig. 11a), UiO-66
(101 A) [105] (Fig. 11b), MIP-177-LT (11A) [106]
(Fig. 11c) and MIP-201 (10.5 A) [107] (Fig. 11d)). These
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membranes demonstrated exceptional ion-sieving capabili-
ties, confirming that structural control enabled precise
size-based separation through uniform nanochannels. It
should be noted that the size-sieving strategy is inherently
dependent on the controlled oxidation state of actinides
(An). However, stabilizing Am(III)/Cm(III) in their oxi-
dized forms typically requires strongly acidic conditions.
Consequently, membranes employed in size-sieving-based
separation must exhibit robust acid resistance and oxida-
tion stability to be viable for An(III)/In(III) separation.
2) Complexation/Coordination Mechanism: This strategy

involves developing functionalized membrane materials
modified with specific chemical groups (e.g., phosphoric
acid, phosphonate, and amidoxime) designed to selectively
complex and retain An via chemical adsorption [108]. For
example, Priyanka Suresh et al. [3] synthesized a poly
(EGMP-co-HEMA) functionalized membrane, achieving a
SF (SF1,/u) of 74 between La*" and UO,?" at pH = 1.
In summary, membrane separation compensates for the
limitations of adsorption separation, namely low through-
put and insufficient capability for high-concentration feed
solutions, through its core advantages of low mass transfer
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resistance, low energy consumption, efficient separation
mechanisms, and potential for continuous operation. How-
ever, both underlying separation mechanisms face inherent
drawbacks: 1) Size-sieving requires complex feed pre-treat-
ment to induce the necessary spatial size difference between
An and Ln species. 2) Complexation-based functionalized
membranes necessitate the development of organic ligands
with a pronounced affinity for An, and the membrane mod-
ification process itself often suffers from uncertainties.
Therefore, the future development of membrane materials
should prioritize the following: 1) Industrialization Poten-
tial: Focusing on membrane performance metrics such as
flux /permeability and separation efficiency. 2) Operational
Stability: Ensuring membrane robustness under harsh con-
ditions (e.g., resistance to strong acids/bases and high radi-
ation fields). 3) Process Optimization: Streamlining often
complex membrane fabrication procedures. Furthermore,
given that spent fuel reprocessing constitutes a high-hazard
operation, the introduction of new membrane separation
technologies must be accompanied by improvements and
rigorous monitoring of associated processing facilities and
waste streams (gaseous, liquid, and solid) [23, 24].

6 Conclusion and outlook

The separation of An from Ln in nuclear waste streams is a
core challenge in advancing sustainable nuclear energy. Sol-
vent extraction, which leverages mature industrial applica-
tions (e.g., the PUREX process) and high selectivity (e.g.,
SF Am/Eq > 170 for nitrogen-donor ligands in 1M HNO3),
remains the most competitive technology. However, it
urgently requires breakthroughs to overcome the issues of
organic waste pollution and extractant oxidative degrada-
tion. Crystallization separation achieves ultra-high SF
(SFy /gm > 7.5 x 10°) and avoids solvent pollution through
inorganic salt cycling (e.g., AlCl;) or specific ligands (e.g.,
PYPH). Yet, its development is constrained by the limited
acid resistance of the ligands and narrow applicability, par-
ticularly for the separation of An(IIl). Adsorption separa-
tion demonstrates excellent radiation resistance (stable up
to 500 kGy) and environmental friendliness using function-
alized materials (e.g., DGA-MWCNTs). However, slow
adsorption kinetics significantly limit their efficiency in pro-
cessing high-concentration systems. Membrane separation
offers advantages such as low mass transfer resistance and
the potential for continuous operation. GOMs maintain
high selectivity (SFce.,u = 400 in 3M HNOj3) even under
strong acid and radiation conditions. Nevertheless, its
industrialization relies on complex pre-oxidation steps for
An and uncertain membrane-modification processes.
Future research must focus on synergistic innovation
across three key objectives: 1) Molecular Design: Develop
functional materials integrating rigid, multidentate struc-
tures (e.g., ligands exploiting AAS effects) and soft nitrogen
donors to enhance An(IIT)/Ln(II) selectivity and stability
under extreme conditions (>4M HNOs, >500 kGy). Intelli-
gent design strategies should be implemented, utilizing
molecular simulation and machine learning to predict
ligand performance based on electronic structure and steric

(IIT)

plexation)
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hindrance, thus building targeted ligand families for acti-
nide ions. 2) Process Innovation: Couple green technologies
(e.g., supercritical CO4 extraction, biomimetic adsorbents)
to eliminate secondary waste, and implement multi-stage
integrated  strategies (e.g., membrane-crystallization
hybrids) to overcome limitations of single technologies An
intelligent “membrane sieving-adsorption/crystallization
refining” process can be designed. It combines pre-oxidation
and membrane sieving for coarse An(VI)/Ln(IIl) separa-
tion, followed by selective crystallization or adsorption for
deep Am(III) purification, all managed by an integrated
online monitoring and feedback control system for real-time
optimization. 3) Engineering Optimization: Enhance mass
transfer kinetics (e.g., hierarchically porous adsorbents),
streamline membrane fabrication, and develop intelligent
control systems. The transition to efficient, low-carbon,
and practical separation technologies requires overcoming
scale-up challenges with modular designs and validating
candidate processes through life cycle assessments of their
energy use, carbon footprint, and secondary waste to sup-
port the closing of the nuclear fuel cycle.
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