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Efficient in situ reduction and recovery of
neptunium(V) using redox-functionalized deep
eutectic solvents

Lin Zhang,† Qilong Tang,† Zhipeng Wang * and Chao Xu *

The separation and recovery of neptunium (Np) represents a critical challenge in nuclear waste reproces-

sing. To address the difficulty of effectively capturing Np(V) in conventional extraction systems, this study

designed and constructed three hydrophobic deep eutectic solvents (DESs) using tri-n-octylphosphine

oxide (TOPO) as the hydrogen bond acceptor (HBA) and dihydroxybenzene isomers (catechol, CC; resor-

cinol, RC; hydroquinone, HQ) as hydrogen bond donors (HBD). These DESs enabled the in situ reduction

at the liquid–liquid interface and highly efficient extraction of Np(V). Among them, the TOPO-CC DES

system exhibited outstanding extraction performance for Np(V) over a broad acidity range of 10−3 to 2.0 M

HNO3, achieving a single-stage distribution ratio (DNp) up to 85 and an in situ reduction conversion ratio

from Np(V) to Np(IV) exceeding 98% within 5 minutes. Mechanistic investigations revealed that the extrac-

tion process follows a “coordination-driven reduction” mechanism. TOPO initially forms a weak coordi-

nation intermediate with Np(V) at the interface, thereby lowering its reduction potential. Subsequently, the

dihydroxybenzene component facilitates efficient electron transfer within the organic phase, reducing Np

(V) to Np(IV), which is strongly complexed and extracted by TOPO, completing an integrated “coordi-

nation–reduction–extraction” process. Furthermore, this system maintained stable extraction perform-

ance under challenging conditions, including high salinity (1–5 M NaNO3), a wide temperature range

(293–313 K), and significant cumulative γ irradiation doses (up to 60 kGy). This study provides a novel inte-

grated DES strategy for the efficient and green recovery of Np(V) and lays a scientific foundation for the

application of functionalized deep eutectic solvents in advanced nuclear fuel cycles.

Introduction

The sustainable development of nuclear energy is a crucial
strategy for ensuring future energy security and addressing
climate change. One of its core challenges lies in the safe,
efficient management, and resource recovery of high-level
radioactive waste. In spent nuclear fuel reprocessing, the sep-
aration and recovery of actinide elements are particularly
important, as they are directly related to the volume reduction
and hazard control of radioactive waste, as well as the econ-
omic viability and sustainability of the nuclear fuel cycle.1–4

Among the various actinides, neptunium (Np) stands out as a
key difficulty and limiting factor in separation process design
and optimization due to its complex redox behavior and
unique chemical properties.5 In typical reprocessing systems
employing nitric acid media, Np commonly exists in three oxi-
dation states (Np(IV), Np(V), and Np(VI)) in dynamic equili-

brium, with their distribution influenced by multiple factors
such as solution acidity, ionic strength, radiation field, and
coexisting ions.6–8 Notably, pentavalent neptunium (Np(V))
exists as the linear NpO2

+ cation. The low effective charge on
the central Np atom (approximately +2.2) and the stability of its
hydration shell result in very weak coordination between this
species and most conventional extractants (e.g., neutral organo-
phosphorus compounds, amides, etc.), leading to low extraction
efficiency and difficulty in achieving effective separation and
enrichment in traditional solvent extraction systems.9,10 This
characteristic causes Np(V) to be prone to loss or improper dis-
tribution during reprocessing flowsheets, not only increasing
the long-term environmental risk of high-level waste but also
potentially affecting the purity of key nuclear product streams,
such as plutonium (Pu) and uranium (U). Therefore, achieving
the efficient and selective recovery of Np, especially the chemi-
cally inert Np(V), represents a significant scientific and techno-
logical challenge in the field of nuclear fuel cycles.11–17

One widely recognized effective strategy involves reduction
conversion, transforming the poorly extractable Np(V) into the
readily extractable tetravalent Np(IV), whose extraction behavior
is similar to that of Pu(IV) and can be effectively captured using†These authors contributed equally to this work.
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existing extraction systems.5,18 However, the reduction process
from Np(V) to Np(IV) involves oxygen atom removal and simul-
taneous electron transfer, characterized by slow kinetics and
high thermodynamic barriers and high thermodynamic
barriersed,18–21 as evidenced by relevant electrochemical
studies.22,23 While such chemical reductants can promote
reduction to some extent, their application faces notable limit-
ations. Reduction efficiency is highly dependent on medium
conditions, potentially generating secondary polluting by-pro-
ducts. Moreover, their introduction often interferes with the
chemical states and extraction equilibria of other actinides or
fission products in the system, increasing the complexity of
process control.24 Consequently, developing a novel functiona-
lized system capable of synchronously achieving the reduction
and subsequent extraction of Np(V) within the same medium
without introducing external reagents is regarded as a crucial
research direction to overcome current technological bottle-
necks, holding both fundamental theoretical value and practi-
cal application potential.

In recent years, deep eutectic solvents (DESs) have attracted
widespread attention as a class of green solvent systems
formed through hydrogen bonding and other intermolecular
interactions between a hydrogen bond acceptor (HBA) and a
hydrogen bond donor (HBD).25–27 Compared to traditional
molecular solvents and ionic liquids, DESs offer numerous
advantages, such as low vapor pressure, low toxicity, good bio-
compatibility, simple preparation, relatively low cost, and the
ability to systematically tune their physicochemical properties
(e.g., viscosity, polarity, solubility) by flexibly selecting or
designing HBA and HBD components.28–31 Furthermore, the
design and construction of DESs enables direct liquefaction of
the extractant. The resulting deep eutectic solvent contains an
extremely high concentration of the extractant, eliminating the
need for additional diluents.32 For instance, Gilmore et al.28

designed and constructed a deep eutectic solvent formed by
TOPO/phenol, which demonstrated excellent extraction per-
formance for UO2

2+ in acidic solutions. Hao et al.30 investi-
gated the role and mechanisms of three DGA/phenol DESs in
the separation of radionuclides such as U, Np, Pu, and Am.
More importantly, the structural tunability of DESs provides a
unique platform for constructing multifunctional solvents that
combine metal ion coordination capability with redox activity.
By rationally selecting component molecules with specific
functions, DESs can simultaneously act as both a reducing
medium and an extraction phase during separation processes,
enabling the integration of metal ion oxidation state control
and extraction separation.

Based on this background, this study aims to design and
construct a novel class of hydrophobic functionalized DESs for
the efficient and green recovery of Np(V) from nitric acid
media. The study selects the neutral organophosphorus extrac-
tant tri-n-octylphosphine oxide (TOPO), known for its strong
coordination ability and high selectivity for tetravalent actinide
ions, as the HBA.33 Concurrently, to endow the system with
reducing functionality, a series of dihydroxybenzene com-
pounds with ortho-, meta-, and para-isomeric structures,

namely catechol (CC), resorcinol (RC), and hydroquinone
(HQ), are chosen as HBDs. Through molecular self-assembly,
three corresponding hydrophobic DESs were successfully pre-
pared: TOPO-CC DES, TOPO-RC DES, and TOPO-HQ DES. This
study systematically investigated the extraction behavior of
these three functionalized DESs towards Np(V) in the aqueous
phase, detailing the effects of conditions such as acidity,
contact time, and temperature on extraction efficiency.
Furthermore, analytical techniques including absorption spec-
troscopy and nuclear magnetic resonance were employed to
characterize the species distribution, valence state changes,
and possible coordination forms in the organic and aqueous
phases before and after extraction. The goal is to elucidate the
coupled reduction–extraction mechanism of Np(V) in the DES
medium, reveal the influence of HBD structural differences on
reducing capability and extraction performance, and thereby
provide theoretical basis and technical reference for develop-
ing novel integrated actinide separation systems.

Experimental section
Chemicals and materials

TOPO (purity > 98%) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Catechol, resorcinol, hydro-
quinone, and n-dodecane, all of analytical grade, were
obtained from Sinopharm Chemical Reagent Co., Ltd.
Inorganic reagents such as nitric acid (HNO3) and sodium
nitrate (NaNO3) were of guaranteed reagent grade. Ultrapure
water (resistivity ≥ 18.2 MΩ cm) was used throughout the
experiments. The Np-237 tracer solution was provided by the
Institute of Nuclear and New Energy Technology at Tsinghua
University.

Caution: Np-237 is an alpha-emitting radionuclide. All
operations were conducted in dedicated radiochemical labora-
tories in strict compliance with radiation protection protocols.

Preparation and characterization

TOPO and CC were weighed into a glass vial at a specific molar
ratio. The sealed vial was placed in a 40 kHz ultrasonic water
bath and oscillated at 40 °C for 2 hours until the initial solid
mixture transformed into a homogeneous, transparent liquid.
The product was then left to stand at room temperature for
24 hours. The absence of phase separation or crystallization
confirmed the formation of TOPO-CC DES. TOPO-RC DES and
TOPO-HQ DES were synthesized using the same method for
comparison.

31P NMR spectra were recorded using a Bruker Avance III
600 MHz NMR spectrometer. Absorption spectra in the range
of 400–1200 nm were collected using an Agilent Cary 6000i
UV-Vis-NIR spectrophotometer.

Solvent extraction

Extraction experiments were conducted in 10 mL stoppered
centrifuge tubes. The organic phase consisted of 1.0 mL of the
prepared DES. The aqueous phase was 1.0 mL of a nitric acid
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solution containing a tracer amount of Np(V)-237 (with acidity,
salinity, and other conditions adjusted according to experi-
mental design). The two phases were mixed in a thermostatic
shaker at 250 rpm for a specified time and then separated by
centrifugation at 4000 rpm for 5 minutes. Aliquots of 0.1 mL
from each phase were transferred to 10 mL scintillation vials,
mixed with 3.0 mL of scintillation cocktail (Hisafe 3), and their
radioactivity was measured using a Quantulus 1220 ultra-low
background liquid scintillation counter. The distribution ratio
(D) was defined as D = Corg./Caq., where Corg. and Caq. denote
the equilibrium concentrations of the target actinide ion in
the organic and aqueous phases, respectively. All extraction
experiments were conducted in duplicate to ensure data
reliability.

Irradiation test

Irradiation stability assessments were performed utilizing a
cobalt-60 (60Co) γ-ray source at Tsinghua University, China.
The 60Co source possessed an activity of 1.3 × 1015 Bq, and the
absorbed dose rate was adjusted by varying the distance
between the sample and the radiation source.

Spectral analysis

A 0.25 mM Np(V) aqueous solution was prepared by diluting a
Np(V) stock solution in 1.0 M HNO3. For spectroscopic
measurements, 2.0 mL of the 0.25 mM Np(V) solution in 1.0 M
HNO3 was mixed with an equal volume of either TOPO-CC
DES, TOPO-RC DES, or TOPO-HQ DES in a glass vial under
continuous stirring to ensure thorough interphase contact.
After specified time intervals, the two phases were separated
by centrifugation and individually transferred into quartz cuv-
ettes. UV-Vis-NIR spectra were acquired over the wavelength
range of 400–1200 nm. TOPO-based DES samples and 1.0 M
HNO3 served as reference solutions for the organic and
aqueous phases, respectively. All measurements were carried
out at a constant temperature of 298.0 ± 0.1 K, regulated by an
external thermostat. Following each spectral measurement,
both phases were reintroduced into the original vial, and the
procedure of mixing, phase separation, and spectral acqui-
sition was repeated to monitor time-dependent spectral
evolution.

Results and discussion
Synthesis and characterization

Based on a molecular functional integration strategy aimed at
constructing a novel separation medium with both metal
coordination capability and redox activity, we selected TOPO
and three dihydroxybenzene isomers (ortho-, meta-, para-) as
fundamental building blocks. TOPO serves as a classic neutral
phosphine oxide extractant with excellent selectivity and
coordination ability for tetravalent actinide ions, yet its coordi-
nation with pentavalent neptunyl (NpVO2

+) is notably
weak,34,35 which precisely provides the entry point for our
functional design. Dihydroxybenzene compounds were chosen

as potential reductant-proton synergy components due to their
reversible redox couples (dihydroxybenzene/quinone) and
proton-donating ability.36,37 By precisely mixing TOPO (white
solid) with CC, RC, or HQ (all solid forms) at a 1 : 1 molar ratio
under mild ultrasonication heating conditions (40 °C,
2 hours), we successfully obtained three clear, transparent,
and fluid liquids at room temperature: TOPO-CC DES,
TOPO-RC DES, and TOPO-HQ DES (Fig. 1). The formation
process essentially involves strong intermolecular interactions
between the PvO group of TOPO (a strong HBA) and the
hydroxyl groups of the dihydroxybenzenes (strong HBDs),
forming an extensive hydrogen-bonding network. This
network effectively disrupts the crystalline packing of the indi-
vidual components, significantly depressing the mixture’s
freezing point below that of any pure component, resulting in
a stable liquid phase at room temperature.

Furthermore, we conducted corresponding characterization
using nuclear magnetic resonance spectroscopy. The 31P NMR
spectra (Fig. 1) show that the characteristic chemical shift of
the P atom in pure TOPO is at 48.67 ppm. Upon DES for-
mation, this signal shifts to 52.96 ppm for TOPO-CC DES,
52.29 ppm for TOPO-RC DES, and 51.58 ppm for TOPO-HQ
DES. This regular upfield shift is directly attributed to the for-
mation of hydrogen bonds involving the PvO group as the
acceptor, which increases the electron shielding around the
phosphorus nucleus. The difference in the magnitude of the
shift (ΔδCC > ΔδRC > ΔδHQ) clearly reflects the isomer-depen-
dent strength of hydrogen bonding. The CC, with its two
hydroxyl groups in the ortho position, may form a chelating
structure via intramolecular hydrogen bonding, leading to
stronger and more directional intermolecular interactions with
the PvO group of TOPO. Additionally, all three newly formed
DESs exhibited good fluidity, indicating sufficient mobility for

Fig. 1 Structures and graphs of TOPO, CC, RC, HQ, and the corres-
ponding DESs and 31P NMR spectra.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 3111–3119 | 3113

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 1

1:
04

:0
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt03100a


mass transfer, and their hydrophobic nature ensured a clear
and stable interface for liquid–liquid extraction.

Efficient solvent extraction

Synergistic effects and composition optimization. The core
advantage of DESs lies in the tunability of their components
and functions. We first systematically investigated the effect of
the TOPO to dihydroxybenzene molar ratio (from 1 : 3 to 3 : 1)
on the extraction performance of Np(V) (Fig. 2a). For all three
DES systems, the distribution ratio DNp showed an almost
linear, rapid increase as the TOPO proportion increased from
1 : 3 to 1 : 1. In this initial stage, TOPO, as the key coordination
component determining extraction capacity, directly provides
more metal-binding sites as its concentration rises. When the
molar ratio exceeded 1 : 1, the DNp growth curve entered a
plateau, indicating that the coordination sites of TOPO
approached saturation at the fixed HBD content, and excess
TOPO could not be effectively “activated” to participate in the
synergistic process. Therefore, a 1 : 1 molar ratio achieved an
economically efficient match between coordination sites and
the reducing functional component and was determined as
the optimal composition.

The stark difference in extraction performance among the
three DESs at this optimal ratio (DNp: 85 (TOPO-CC DES) ≫ 14
(TOPO-RC DES) > 0.7 (TOPO-HQ DES)) is highly instructive. To
exclude the influence of mere solubility or
viscosity differences, we performed control experiments.
Equimolar amounts of TOPO and dihydroxybenzene were dis-
solved separately in the traditional inert solvent n-dodecane to
form molecularly dispersed organic phases, respectively. The
results showed that even under these ideally dispersed con-
ditions, the DNp for the TOPO/n-dodecane and CC/n-dodecane
systems were only ∼12 and <0.01, respectively, far lower than
the 85 achieved by TOPO-CC DES. This strongly demonstrates
that the unique, closely-knit hydrogen-bonding network of the
DES is not merely a solvent “background” but is crucial for
achieving high synergy. We hypothesize that the hydrogen-
bonding network may enhance functionality in the following
ways. First, it tightly “bundles” TOPO and the dihydroxyben-
zene at the molecular scale, significantly increasing their local
effective concentration in the reaction microenvironment (e.g.,
the interface). Second, hydrogen bonding may pre-organize the
orientation of reactants, lowering the configurational reorgan-
ization energy for subsequent electron transfer. Third, it may
alter the redox potential of the dihydroxybenzene, making it
more prone to releasing electrons.

Kinetics and interfacial process analysis. Extraction kinetics
are a key indicator for assessing process feasibility. As shown
in Fig. 2b, TOPO-CC DES demonstrated impressively fast
extraction capability. At a contact time of only 0.5 min, DNp

already exceeded 20, it reached 57 at 5 min (approximately
67% of the equilibrium value), and achieved DNp = 86 at
20 min. Correspondingly, for the TOPO-RC DES system, DNp

was 2 at 0.5 min, reached 9 at 5 min, and was 14 at 20 min.
For the TOPO-HQ DES system, DNp was 0.1 at 0.5 min, reached
0.46 at 5 min, and was 0.7 at 20 min. All systems reached
extraction equilibrium within 20 minutes, indicating good
fluid properties and excellent mass transfer kinetics for the
DESs. To ensure equilibrium, a contact time of 120 min was
used for subsequent experiments.

This rapid kinetics stems from synergistic contributions
from multiple aspects. First, the moderate viscosity of the DES
ensures adequate molecular diffusion rates. Second, TOPO
molecules possess a certain degree of interfacial orientation,
favoring the capture of NpO2

+ from the aqueous phase. Finally,
and most importantly, the tight spatial coupling (likely within
the same interfacial complex) of the “coordination activation”
and “electron transfer” steps avoids long-distance diffusion of
reaction intermediates within the phases, dramatically acceler-
ating the overall process.

Tolerance to complex aqueous conditions. Real nuclear
waste streams have complex compositions with varying acidity,
salinity, and are subject to radiation and temperature fluctu-
ations. Therefore, assessing the robustness of the DES systems
under these conditions is crucial.

Acidity is a key factor affecting Np speciation and extraction
driving forces. We first examined the effect of HNO3 concen-
tration on the extraction (Fig. 2c). TOPO-CC DES exhibited an

Fig. 2 Effect of (a) DES composition, (b) contact time, (c) HNO3 con-
centration, (d) NaNO3 concentration, (e) temperature, and (f ) irradiation
dose on the extraction of Np(V) by TOPO-dihydroxybenzene DESs.
Experimental conditions. Initial organic phase: TOPO-CC DES,
TOPO-RC DES, TOPO-HQ DES with mole ratio of (a) 1/3–3/1 and (b–f )
1/1. Initial aqueous phase: trace amount of Np(V)-237 mixed with (a–c, e
and f) 1.0 M NaNO3 or (d) 1.0–5.0 M NaNO3 in (a, b and d–f ) 1.0 M
HNO3 or (c) 10–3–2.0 M HNO3 solution. Mixing time: (a and c–f )
120 min, (b) 0.5–120 min. Temperature: (a–d and f) 298.0 ± 0.1 K, (e)
293.0 ± 0.1–313.0 ± 0.1 K.
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almost flat extraction profile (DNp consistently >80) over a wide
range from 10−3 M to 2.0 M HNO3. This reveals its unique
advantage: the extraction mechanism is not strongly depen-
dent on the aqueous proton concentration. We infer this may
be because the reduction process by catechol (CC) involves
direct electron transfer or utilizes protons from its own
hydroxyl groups, rather than consuming H+ from the aqueous
phase in large quantities. In contrast, the extraction perform-
ance of TOPO-RC and TOPO-HQ DES was very poor at low
acidity and increased with rising acidity. Specifically, for the
TOPO-RC system, DNp increased from 0.03 at 10−3 M HNO3 to
26 at 2 M HNO3. For the TOPO-HQ system, it increased from
0.04 at 10−3 M HNO3 to 1.6 at 2 M HNO3. This behavior aligns
with a typical proton-coupled electron transfer mechanism,
severely limiting their applicability for low-acidity waste
streams. The oxidation of diphenols to their corresponding
quinones is a two-electron process, with the rate-determining
step being the one-electron oxidation that generates the semi-
quinone radical. The intramolecular hydrogen bond in cate-
chol helps stabilize the radical during oxidation, and as this
hydrogen bond locks the proton in place, it partially decouples
the deprotonation process from the electron transfer step,
resulting in pH-insensitive oxidation kinetics.38,39 Given the
broad acidity universality of TOPO-CC, it is recommended as
the optimal system.

Considering the high salinity characteristic of real scen-
arios, we subsequently analyzed the effect of salt concentration
on extraction (Fig. 2d). As the NaNO3 concentration increased
from 1 M to 5 M, the DNp for TOPO-CC DES surged from 85 to
470, an increase of over 5-fold. For the TOPO-RC system, DNp

increased from 14 at 1 M NaNO3 to 84 at 5 M NaNO3. For the
TOPO-HQ system, it increased from 0.26 at 1 M NaNO3 to 0.87
at 5 M NaNO3. These observations indicate that the salting-out
effect is also prevalent in DES extraction systems. Quantitative
analysis of the salting-out coefficient using the Setschenow
equation suggests this effect is significantly stronger than in
many traditional extraction systems. High electrolyte concen-
trations compress the hydration shell of the NpO2

+ ion, redu-
cing its hydration energy and enhancing its lipophilicity,
making it more prone to transfer into the organic phase.40

This property holds great potential for treating high-salinity
simulated waste streams and similar scenarios.

In view of the potential for radiolytic heating, we then
examined the effect of temperature on extraction (Fig. 2e).
Over the typical ambient temperature range of 293 K to 313 K,
the distribution ratios changed only minimally. Specifically,
for the TOPO-CC system, DNp decreased from 90 at 293 K to 77
at 313 K. For the TOPO-RC system, DNp changed from 16 to 14
over the same range, and for the TOPO-HQ system, it
decreased from 0.81 to 0.69. This insensitivity to temperature
changes is essentially related to the extraction thermo-
dynamics of TOPO.41–43 It suggests the extraction process is
entropy-driven, with the primary driving force likely stemming
from the release of ordered water molecules surrounding the
metal ion upon formation and transfer of the Np(IV) complex
into the organic phase, leading to an increase in system

entropy. This weak temperature dependence simplifies process
control requirements.

Given the strong radiation fields in real scenarios, we
further investigated the effect of different gamma irradiation
doses on extraction (Fig. 2f). At cumulative absorbed doses of
0 and 10 kGy, the DNp values for TOPO-CC DES, TOPO-RC DES,
and TOPO-HQ DES were 85, 14.1, 0.71 and 88, 13.7, 0.69,
respectively, showing almost no significant change. Even at a
high dose of 60 kGy, the DNp for TOPO-CC DES decreased from
85 to 57, still maintaining considerable activity, far exceeding
the performance of most reported systems.44–50

These above-results demonstrate that the constructed DESs,
especially TOPO-CC, enable the in situ reduction and highly
efficient extraction of Np(V) without introducing additional
reagents. Moreover, they exhibit excellent kinetic properties
and broad applicability under wide ranges of acidity, high sal-
inity, temperature, and high irradiation doses, highlighting
their stability, anti-interference capability, and suitability for
various process/environmental scenarios.

Mechanistic insights

Spectral analysis. To visually reveal the fate of Np(V) during
the extraction process, we performed in situ, real-time monitor-
ing of both phases using UV-Vis-NIR spectroscopy (Fig. 3a).
The characteristic fingerprint peak of Np(V) in the initial
aqueous phase at 980 nm (attributed to the f–f electronic tran-
sition of NpO2

+, ε ≈ 395 M−1 cm−1) served as the monitoring
indicator. Upon contact with TOPO-CC DES, the intensity of
this aqueous peak plummeted by over 93% within 10 seconds
(Fig. 3c), while simultaneously, distinct characteristic peaks of
Np(IV) appeared in the organic phase at 723 nm (ε ≈ 190 M−1

cm−1) and 960 nm (ε ≈ 175 M−1 cm−1) (Fig. 3b). Quantitative
analysis showed that the conversion rate from Np(V) to Np(IV)
exceeded 98% within 5 minutes, and the Np(V) signal in the
aqueous phase nearly disappeared after 120 minutes. This
spectral evolution provides direct and powerful evidence for
“in situ reduction.”

Comparative experiments clearly demonstrated the decisive
influence of HBD structure on reduction kinetics and
efficiency (Fig. 3d–g). For the TOPO-RC DES system, the
reduction percentages of Np(V) at contact times of 10 seconds,
5 minutes, and 120 minutes were approximately 50%, 85%,
and 90%, respectively. The corresponding percentages for the
TOPO-HQ DES system were lower, at 30%, 49%, and 76%,
respectively. This significant difference in reducing capability
(CC ≫ RC > HQ) aligns perfectly with the order of extraction
performance (TOPO-CC DES ≫ TOPO-RC DES > TOPO-HQ
DES), directly attributing the root cause of performance dis-
parity to the electron-donating ability of the dihydroxybenzene
isomers. The CC with its two hydroxyl groups in the ortho posi-
tion, is more readily oxidized to form stable o-benzoquinone,
resulting in greater thermodynamic driving force and superior
kinetics.

Identification of coordination sites. Given the extreme
difficulty of direct structural analysis of highly radioactive Np
complexes, we employed U(VI) (UO2

2+), which possesses a
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similar linear dioxo structure (Actinyl, AnO2
n+), as a low-radio-

activity model ion to investigate the coordination mode of the
DESs using 31P NMR (Fig. 4). Upon loading with U(VI), the 31P
signals of TOPO in all DESs underwent significant upfield
shifts. The shift values (Δδ) were: TOPO-CC DES-U (5.54 ppm),
TOPO-RC DES-U (5.78 ppm), and TOPO-HQ DES-U (6.16 ppm).
This change unambiguously confirms that the PvO group of
TOPO serves as the primary coordination site for the metal
ion. It is noteworthy that the order of the absolute shift values
does not show a simple linear correlation with the order of
hydrogen bond strength, reducing capability, or extraction
efficiency. This may be due to differences in the coordination
mode of U(VI) compared to Np(V/IV), or complex modulation of
the coordination microenvironment by the presence of the
dihydroxybenzene. Nevertheless, the core conclusion of this
experiment is definitive: within the DES, TOPO retains its
essential coordinating function as a neutral phosphine oxide
extractant.

Elucidation of the synergistic mechanism. Integrating all
the experimental evidence, we propose and elaborate a panora-
mic view of the “coordination-driven reduction” synergistic

mechanism for Np(V) extraction by the TOPO-dihydroxyben-
zene DES systems (Fig. 5). This mechanism consists of four
closely linked steps.

(1) Interfacial enrichment and pre-coordination. Due to
their amphiphilic nature, TOPO molecules tend to orient at
the oil–water interface, with hydrophobic alkyl chains extend-
ing into the organic phase and polar PvO groups pointing
towards the aqueous phase. Although the coordination con-
stant between NpVO2

+ and a single PvO group is small, under
the high local concentration of TOPO at the interface, a
dynamic, weakly bound “outer-sphere” or “ion-pair” type inter-
mediate, [NpO2

+⋯(TOPO)n] interface, can form rapidly. This
step selectively enriches Np(V) from the bulk aqueous solution
into the confined reaction zone at the interface.

(2) Coordination activation and potential modulation. This
step is the core and innovative aspect of the mechanism. The
σ-donor interaction from the PvO group of TOPO to the Np

Fig. 4 Comparison of “free” and U(VI)-incorporated TOPO-dihydroxy-
benzene DESs through 31P NMR spectra. (a) TOPO-CC DES, (b)
TOPO-RC DES, (c) TOPO-HQ DES, (d) TOPO-CC DES-U(VI), (e)
TOPO-RC DES-U(VI), (f ) TOPO-HQ DES-U(VI).

Fig. 5 Schematic illustration of the in situ complexation, reduction, and
extraction of Np by the TOPO-dihydroxybenzene DESs system.

Fig. 3 (a) Schematic diagram of the solvent extraction and spectro-
scopic monitoring of Np(V) using TOPO-dihydroxybenzene DESs.
Variation of the absorption spectra in the (b, d and f) organic phase and
the (c, e and g) aqueous phase after mixing TOPO-dihydroxybenzene
DESs with Np(V)/HNO3 solution. Experimental conditions. Initial organic
phase: (b and c) TOPO-CC DES (1/1), (d and e) TOPO-RC DES (1/1), (f
and g) TOPO-HQ DES (1/1). Initial aqueous phase: 0.25 mM Np(V) in 1.0
M HNO3. Mixing time: 0–120 min. Temperature: 298.0 ± 0.1 K.
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center increases the electron density on Np, particularly
feeding back into the antibonding 5f orbitals. This effectively
lowers the energy required for the reduction from Np(V) (f 2) to
Np(IV) (f3), i.e., significantly reduces the formal redox potential
(E) of the Np(V)/Np(IV) couple. This “coordination activation”
effect transforms the originally thermodynamically unfavor-
able reduction reaction (ENp(V)/Np(IV) is approximately +1.0 V vs.
SHE in 1 M HNO3) into one that falls within the reducing capa-
bility of the dihydroxybenzene.

(3) Interfacial electron transfer and rapid reduction. The
activated interfacial Np(V)-TOPO intermediate becomes an
ideal acceptor for the interfacial electron transfer reaction.
Dihydroxybenzene molecules (especially CC with the most
negative reduction potential) dissolved in the organic phase
near the interface act as electron donors. Through direct
contact or quantum tunneling at the interface, they efficiently
transfer electrons to the Np(V) center. This step may be
accompanied by proton transfer to stabilize the product, with
protons potentially coming from the dihydroxybenzene itself
or the aqueous phase. The rapid electron transfer ensures the
reduction step does not become rate-limiting for the overall
process.

(4) Strong coordination stabilization and phase transfer.
The generated Np(IV) ion has distinctly different coordination
chemistry compared to Np(V). It exhibits extremely high
affinity for TOPO and can rapidly combine with 2 TOPO mole-
cules and 4 nitrate ions (from either the aqueous phase or the
DES microenvironment) to form a neutral, highly hydrophobic
complex, Np(NO3)4·2TOPO.

51 This complex desorbs from the
interface and fully dissolves into the bulk hydrophobic DES
phase. At this point, the Np atom completes its full transform-
ation from aqueous NpVO2

+ to organic Np(IV)-TOPO complex,
achieving the perfect unification of reduction and extraction in
both time and space.

The elegance of this mechanism lies in its molecular
design, which integrates the two originally separate functional
modules, “coordination” (TOPO) and “reduction” (dihydroxy-
benzene), at the nanoscale via the DES hydrogen-bonding
network. Their synergistic action at the special reaction field of
the liquid–liquid interface efficiently addresses the challenge
of capturing Np(V).

Conclusions

This study successfully designed and constructed a novel
series of functionalized hydrophobic DESs based on TOPO and
dihydroxybenzene isomers. It provides, for the first time, a
comprehensive demonstration of their exceptional capability
for efficient, rapid, in situ reduction and integrated extraction
of Np(V) from nitric acid media. Notably, the TOPO-CC DES
system exhibited outstanding performance, maintaining excel-
lent extraction efficiency (DNp up to 470) and fast mass trans-
fer/reduction kinetics (Np(V) reduction ratio >98% within
5 minutes) under simulated harsh conditions including wide
acidity (10−3 to 2.0 M HNO3), high salinity (1.0–5.0 M NaNO3),

broad temperature range (293–313 K), and strong gamma
irradiation (cumulative dose up to 60 kGy). Through multi-
faceted mechanistic investigations, including in situ spectro-
scopic monitoring and coordination chemistry studies, we
revealed and confirmed the unique “coordination-driven
reduction” synergistic mechanism. TOPO not only acts as the
final extractant but, more critically, activates Np(V) via inter-
facial pre-coordination, significantly lowering its reduction
barrier. The dihydroxybenzene component acts as an efficient
built-in electron donor. Particularly, catechol (ortho-dihydroxy-
benzene), with its two hydroxyl groups in ortho-position, exhi-
bits stronger electron-donating ability compared to its meta-
and para-isomers. This enhances the stability of reaction inter-
mediates and reduces the energy barrier. Such a structure
facilitates rapid electron transfer at the interface, generating
Np(IV) that is readily captured by strong TOPO coordination,
ultimately achieving the integrated coupling of the “coordi-
nation–activation–reduction–extraction” process. This work
not only offers a green, robust, and promising new technologi-
cal strategy for addressing the longstanding challenge of Np(V)
separation in nuclear fuel cycles but also, by creating and
deeply understanding this “coordination–reduction” dual-
functional integrated solvent system, provides a new paradigm
for the design and mechanistic study of novel functional
materials tailored for complex separation needs, holding sig-
nificant scientific importance and application foresight.
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