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separation of tetravalent
plutonium from complex system with novel
phenylpyridine diamide ligands†

Liu Yao, Wang Junli, Le Yuhang, Wang Hui, Wang Wentao, Li Baole
and Yan Taihong*

In this study, three phenylpyridine diamide ligands, namely, 2,2′-((pyridine-2,6-diylbis(3,1-phenylene))

bis(oxy))bis(N,N-diethylacetamide) (PPEA, L1), 2,2′-((pyridine-2,6-diylbis(3,1-phenylene))bis(oxy))bis(N-

ethyl-N-phenylacetamide) (PEPA, L2), and 2,2′-(((4-phenylpyridine-2,6-diyl)bis(3,1-phenylene))bis(oxy))

bis(N,N-dioctylacetamide) (PPOA, L3), were synthesized and explored for the solvent extraction of Pu(IV)

in a HNO3 medium using 1-(trifluoromethyl)-3-nitrobenzene as the diluent. The effects of HNO3

concentration, extractant concentration, and temperature on the Pu(IV) extraction efficiency were

studied. All three extractants displayed high selectivity for Pu(IV) over other metals such as U(VI), Np(V),

Am(III), and various fission elements. At 3 M HNO3, the distribution ratio for Pu(IV) reached 27.18, in

contrast to 1.11, 0.3, and 0.03 for U(VI), Np(V), Am(III), respectively. Slope analysis and UV titration revealed

the formation of 1 : 1 Pu(NO3)4/ligand complexes during extraction. The extraction reactions had

negative Gibbs free energies, indicating the spontaneous nature of Pu(IV) extraction at room temperature.

Furthermore, the extractants demonstrated good stripping ability and reusability, and their radiolytic

stability was reasonable up to an absorbed dose of 100 kGy, underscoring their potential for practical

applications. Overall, this study broadens our understanding of actinide–diamide ligand coordination and

actinide chemistry during coordination, paving the way for the design and synthesis of new extractants.
Introduction

In recent years, the expansion of nuclear energy has led to an
increase in spent fuel production, heightening the risks asso-
ciated with radioactive waste leakage and its detrimental effects
on the environment.1–3 Spent nuclear fuel mainly contains
uranium (95%), ssion products (4%), and a small amount of
plutonium (1%), all of which exhibit signicant radioactivity
and toxicity.4–6 The closed nuclear fuel cycle has been identied
as an effective strategy to mitigate leakage risks and alleviate
environmental concerns.7–9 Both uranium and plutonium serve
as valuable strategic resources. Once recycled, they can be
refashioned into nuclear fuel components, with separated
plutonium also having potential applications in fast reactors.7

Various techniques exist for plutonium separation,
including membrane separation,10,11 adsorption,12,13 chemical
precipitation,14 ion exchange,15–18 and solvent extraction.19–23

Among them, solvent extraction has gained prominence owing
to its inherent benets such as continuous operation, adapt-
ability, radiation stability, and solvent reusability. Several
tute of Atomic Energy, P. O. Box 275-26,

@163.com

(ESI) available: Synthesis routes of L1–
: https://doi.org/10.1039/d3ra07418h
extractants have been utilized, such as tri-n-butyl phosphate,24

trialkyl phosphine oxide,25,26 octyl-(phenyl) N,N-diisobutyl car-
bamoyl methyl phosphine oxide,27–29 and di-iso-
decylphosphoric acid.30 However, the use of phosphorus-
containing ligands dees the “CHON” principle, which refers
to extractants containing only carbon, hydrogen, oxygen, and
nitrogen atoms, and poses serious environmental challenges by
generating harmful solid residues. In light of this, researchers
have increasingly used amide-based extractants such as N,N-
dihexyl octyl amide,31 N,N,N′,N′-tetraoctyl diglycolamide,12,32,33

and oxa-bridged bicyclo-dicarboxamide.34 These extractants not
only align with the CHON principle but also offer benets such
as simple synthesis and good chemical irradiation stability.
Additionally, the extraction efficiency of amide extractants can
be enhanced by modulating the side chains on the nitrogen
atoms or the alkyl chains on the amide oxygen atoms.34–36

Heterocyclic amide extractants, characterized by their
macrocyclic frameworks (Fig. 1), demonstrate superior extrac-
tion capabilities for Pu(IV) through multidentate chelation
coordination. For example, Zhang et al. reported the impressive
Pu(IV) extraction capabilities of N,N′-diethyl-N,N′-ditolyl-2,9-
diamide-1,10-phenanthroline (Et-Tol-DAPhen). However, this
extractant also exhibits high distribution ratios for U(VI), Th(IV),
and Am(III). Building on this, Shi et al. synthesized three new
ortho-phenanthroline type extractants (Ph-DAPhen, Me-Ph-
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07418h&domain=pdf&date_stamp=2023-12-19
http://orcid.org/0009-0007-9830-4860
http://orcid.org/0000-0003-3704-8967
https://doi.org/10.1039/d3ra07418h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07418h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014001


Fig. 1 Structure of heterocyclic amide-based extractants.
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DAPhen, and Et-Ph-DAPhen) by adjusting the substituents on
the nitrogen atoms. Their investigations revealed that different
functional groups, including amide and pyridine groups,
inuence the extraction performance.37,38 Additionally, the tri-
pyridine diamide ligand te-tpyda was shown to have good
extraction performance for actinide elements. The extractant
underwent pentadentate coordination with An(III), and the
amide group on its pyridine ring improved its extraction ability
for actinide elements by reducing the basicity of the extractant
and improving the stability of the metal complex.39 Sivar-
amakrishna et al. introduced four triarylpyridine diamides
(TAPDA) containing three phenyl rings by replacing two pyri-
dine rings connected by an intermediate pyridine ring and then
connecting the amide group to the triphenylpyridine group by
ether–oxygen bonds.40 These TAPDA ligands effectively and
selectively extracted Pu(IV) at various HNO3 concentrations.
Notably, the distribution ratio of Pu(IV) (DPu) was 2–4 orders of
magnitude higher than those of U, Am, Cm, Cs, and Sr,
resulting in promising application potential for the extraction
of U/Pu.40 However, systematic studies on the structure–activity
relationships between these extractants and Pu(IV), as well as
other actinides, are currently lacking.

In this study, we synthesized three diamide extractants
containing phenylpyridine rings: 2,2′-((pyridine-2,6-diylbis(3,1-
phenylene))bis(oxy))bis(N,N-diethylacetamide) (PPEA, L1), 2,2′-
((pyridine-2,6-diylbis(3,1-phenylene))bis(oxy))bis(N-ethyl-N-phe-
nylacetamide) (PEPA, L2), and 2,2′-(((4-phenylpyridine-2,6-diyl)
bis(3,1-phenylene))bis(oxy))bis(N,N-dioctylacetamide) (PPOA,
L3) (Fig. 2). We examined the Pu(IV) extraction capabilities of
extractants L1–L3 in HNO3 using 1-(triuoromethyl)-3-
nitrobenzene as a diluent. We explored the inuence of the
acidity, extractant concentration, and temperature on the
extraction performance, and determined the stable complexa-
tion constants and selectivity. We expect this study will enrich
© 2024 The Author(s). Published by the Royal Society of Chemistry
the domain of Pu(IV) extraction using diamide ligands and
provide a reference for the extraction separation of actinides
and the design of new extractants.

Experimental
Chemicals and reagents

All uranium, plutonium, and neptunium radioactive solutions
were provided by the China Institute of Atomic Energy (CIAE).
Experiments involving radioactivity were conducted in desig-
nated facilities adhering to established safety protocols. All
reagents were of analytical reagent (AR) grade, and all radio-
isotopes had a radiochemical purity of above 99.9%.

Experimental equipment

The acidity during the extraction experiments was assessed
using an automatic potentiometric titrator (G20S, Mettler
Toledo, Switzerland). The mixing and separation of organic and
aqueous phases were performed using amulti-tube vortex mixer
(LPD2500, Leopard Scientic Instruments, China) and desktop
electric centrifuge (TDL80-2B, Shenzhen Anke High-tech Co.,
Ltd, China), respectively. The radionuclide concentrations of
Pu(IV), Am(III), Np(V), and Np(VI) were measured using a liquid
scintillator (Tri-Carb 2910 TR, PerkinElmer), while the U(VI)
concentrations were determined using an X-ray uorimeter
(LTD, Jing Pu). The concentrations of ssion products were
determined by inductively coupled plasma (ICP; Thermo
Scientic, USA). Ultraviolet-visible (UV-vis) spectrophotometric
titration was conducted using a UV spectrometer (Cary 4000,
Agilent Technologies, USA). Fourier-transform infrared (FTIR)
spectroscopy was performed using an infrared spectrometer
(IRAffinity-1S, Shimadzu, Japan).

Solvent extraction experiment

The synthesis routes for ligands L1–L3 are described in the ESI
(Fig. S1),† and the corresponding 1H NMR spectra are displayed
in Fig. S2.† The phenylpyridine diamide extractants were dis-
solved in 1-(triuoromethyl)-3-nitrobenzene to form the organic
phase. The aqueous phase consisted of HNO3 solution with
specic radionuclide concentrations: Pu(IV), 5 mg L; Np(V), 0.5
g L; U(VI), 1 g L−1 and Am(III), trace amount. All solvent extrac-
tion experiments were conducted at 298 K with 0.05 M of
extractant in organic solvent, except when studying the effects
of temperature and ligand concentration, respectively. Prior to
the extraction experiments, each organic phase underwent two
pre-equilibrium steps with equal volumes of HNO3 solution.
Subsequently, the organic and aqueous phases were mixed in
a test tube in equal volumes and extracted for 15 min at
2000 rpm, followed by centrifugation for 5 min at 2500 rpm.
From each phase, samples (100 mL) were equally divided into
organic and aqueous phases and analyzed by liquid scintillation
spectrometry. All samples were tested twice. The distribution
ratio of metal ions (DM) was dened as the ratio of the metal
contents of the organic and aqueous phases (i.e., DM = [M]org/
[M]aq), and the separation factor (SF) was dened as the ratio of
their distribution ratios (i.e., SFA/B = DA/DB).
RSC Adv., 2024, 14, 560–567 | 561
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Fig. 2 Structure of phenylpyridine diamide extractants L1–L3.
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UV-vis spectrophotometric titration

UV-vis spectrophotometric titration was performed at room
temperature (298 K). The extractant concentration was set at 2.0
× 10−5 M, and the metal ion concentration was 2.0 × 10−3 M. A
quartz colorimetric dish with an optical path of 1.0 cm was used
for titration. The initial ligand volume was 2.5 mL. The metal
ion solution was added to the quartz cuvette in 20 mL intervals
until no obvious changes were observed in the UV spectrum.
Aer each addition, the solution was mixed at 2000 rpm,
allowed to stand for 15 min, and then analyzed 2 min later by
UV spectrometry. The spectral data were tted and analyzed
using hyperSpec soware.41

Stripping

Aer extraction, the Pu-containing organic phase was collected
and subjected to stripping (reverse extraction) experiments. Five
back-extracting agents were used: 0.2 M dimethylacetamide
(DMHAN)–0.1 M dimethylacetamide (MMH), 0.2 M HNO3,
0.1 M ethylene diamine tetraacetic acid (EDTA)–0.5 M HNO3,
0.2 M H2C2O4–0.5 M HNO3, and 0.2 M acetohydroxamic acid
(AHA)–0.5 M HNO3. Equal volumes of organic and aqueous
phases were mixed and agitated for 15 min. Aer centrifuga-
tion, samples (100 mL) from each phase were analyzed by liquid
scintillation. All extracted samples were measured twice.

Results and discussion
Solvent extraction experiments

The extraction kinetics were explored by varying the contact
time (Fig. 3a). For all extractants, the equilibrium time for Pu(IV)
extraction was approximately 1 min, signifying rapid extraction
kinetics. This was attributed to the positioning of the two
coordinating amide oxygen atoms in the pyridine ring plane,
which led to efficient coordination without C]O bond twisting
and thus with reduced energy consumption. All subsequent
experiments used a contact time of 15 min to ensure the
extraction equilibrium was reached.

Fig. 3b presents the Pu(IV) distribution ratios (DPu) of the
ligand (L)/1-(triuoromethyl)-3-nitrobenzene systems as a func-
tion of the HNO3 concentration. As the HNO3 concentration
increased from 0.2 to 6 M, DPu rst increased until reaching
a maximum at approximately 4 M, aer which it slightly
decreased. No third phase was observed to form during the
extraction process. The ligands with longer carbon chains (L2
(PEPA) and L3 (PPOA)) had higher DPu values than those with
562 | RSC Adv., 2024, 14, 560–567
shorter carbon chains (L1 (PPEA)). This was attributed to the
enhanced solubility of long-chain ligands in 1-(triuoromethyl)-
3-nitrobenzene, which improves the distribution of Pu(IV). At
6 M HNO3, DPu was noticeably lower than that at 4 M. This was
ascribed to the increased content of hydrogen ions, which
compete with free Pu(IV) ions.

Fig. 3c shows the effect of the NO3
− content on DPu. The

slopes of the tted curves in the logD vs. log[NO3
−] plots for L1,

L2, and L3 were 3.95, 4.12, and 3.93 respectively (inset of
Fig. 3c), indicating that four NO3

− ions participated in the
complexation reactions with each ligand. Thus, increasing the
NO3

− content improved DPu and promoted the complexation
reaction by a salting-out mechanism. Notably, this indicates
that complexation occurred by a neutral extraction mechanism.

To determine the stoichiometry of the extracted complexes,
slope analysis was conducted on the extraction equilibrium
data (Fig. 3d). The extraction equilibrium reaction and apparent
equilibrium constant Kex are given in eqn (1) and (2), respec-
tively. The distribution ratio is given by eqn (3) and it can be
rearranged to eqn (4). The slopes of the logD vs. log[L] plots for
L1, L2, and L3 were 1.15, 1.19, and 1.20, respectively (inset of
Fig. 3d). Sivaramakrishna et al.40 obtained similar slope values
(1.20 and 1.24) during their study on the extraction of Pu(IV)
using different concentrations of TAPDA in nitrobenzene.
Taking into account the error range, the dominant stoichio-
metric ratio of Pu(IV) to L in the extracted complexes is 1 : 1,
characterized by the formation of Pu(NO3)4L complexes. Two
factors contribute to this 1 : 1 complex formation. First, the
ligands have high solubility in 1-(triuoromethyl)-3-
nitrobenzene. Second, each Pu(IV) ion can only form
a complex with one ligand, as the large steric hindrance of the
alkyl side chains prevents the Pu(IV) ions from coordinating with
additional ligands.

Puaq
4+ + 4NO3

− + nLorg # Pu(NO3)4$nLorg (1)

Kex ¼
�
PuðNO3Þ4$nL

�
org�

Pu4þ�
aq
½NO3

��aq4þ½L�orgn
(2)

D ¼
�
PuðNO3Þ4$nL

�
org�

Pu4þ�
aq

(3)

logD = logKex + 4 log[NO3
−]aq + n log[L]org (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Kinetics of Pu(IV) extraction by phenylpyridine diamide ligands L1, L2, and L3. (b) Pu(IV) distribution ratios (DPu) obtained for extractants at
different HNO3 concentrations. (c) Influence of NO3

− concentration on extraction performance. (d) Effect of extractant concentration on
extraction performances of L1, L2, and L3.
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where n is the number of ligands in the complexation reaction,
[X] is the concentration of X, and D is the distribution factor.

To explore the inuence of temperature on the extraction
performance, experiments were carried out at temperatures
of 298–338 K using 1-(triuoromethyl)-3-nitrobenzene as
the diluent. Utilizing the Van't Hoff equation (eqn (5)), the
enthalpy change (DH) was derived from the slope of the log
Fig. 4 Effect of temperature on Pu(IV) extraction performance of
phenylpyridine diamide ligands L1, L2, and L3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Kex vs. 1/T plots, where T is temperature (Fig. 4). The DH
values for extractants L1, L2, and L3 were −5.97, −11.24,
and −9.15 kJ mol−1, respectively. This conrms the
exothermic nature of the complexation reaction. The
entropy change DS and Gibbs free energy DG of the
complexation reaction were calculated using eqn (6), and
the thermodynamic data are listed in Table 1. The DS values
for the reactions with all three extractants were negative
because the complexation between metal ions and NO3

−

reduces the disorder of the system. In addition, the DG
values were negative for all three reactants, signifying that
the Pu(IV) complexation reaction occurs spontaneously at
room temperature. Notably, L2 (PEPA) had the most nega-
tive DG value, indicating that this ligand is the most efficient
for extracting Pu(IV).
Table 1 Thermodynamic parameters of extraction reactions with
different phenylpyridine diamide ligands

Ligand
DH
(kJ mol−1)

DS
(kJ mol−1)

DG
(kJ mol−1)

L1 −5.97 −0.09 −5.94
L2 −11.24 −10.33 −8.16
L3 −9.15 −4.67 −7.75

RSC Adv., 2024, 14, 560–567 | 563

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07418h


Table 2 Stability constants log b of complexes with different phenyl-
pyridine diamide ligands

Ligand Reaction log b

L1 Pu + 4NO3 + nL # Pu(NO)4$nL 4.09 � 0.03
L2 6.29 � 0.02
L3 5.36 � 0.05
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log Kex ¼ � DH

2:303R
� 1

T
þ DS

2:303R
(5)

DG = DH − TDS (6)

UV-Vis spectrophotometric titration analysis

To further study the Pu(IV) extraction mechanism of the three
diamide extractants and ascertain the species composition and
stability constant (log b), UV spectrophotometric titration was
performed. As shown in Fig. 5, the initial UV absorption peak of
each extractant is observed at approximately 325 nm (the black
curve), corresponding to the C]O bond of the ligand. With
increasing metal ion concentration, the peak at 325 nm grad-
ually decreased in intensity, while a new peak of the metal-
ligand bond appeared at 298 nm and increased in intensity as
the titration process continued. The peak type and shi were
consistent for all three extractants, indicating that the carbon
chain substituents did not affect the structure of the complex.
Table 2 lists the log b values of the complexes, which further
conrms that the three extractants typically generated 1 : 1
complexes with Pu(IV). L2 (PEPA) had a larger log b value than
the other extractants, indicating that it formed the most stable
complex with Pu(IV). This observation aligns with the results in
solvent extraction experiments.

Selectivity

The selectivity of the three diamide extractants for Pu(IV) was
assessed by investigating their extraction behavior for different
actinide ions (Pu(IV), U(VI), Np(V), and Am(III)) and certain ssion
products in HNO3 solution using 1-(triuoromethyl)-3-
nitrobenzene as the diluent. Considering the competition for
binding between hydrogen and metal ions at high acidities, the
HNO3 concentration was xed at 3 M. The distribution ratios
and separation factors of different actinides, lanthanides, and
ssion elements are displayed in Table 3. The results showed
that the three diamide extractants exhibited high selectivity for
Pu(IV) in 3 M HNO3. As shown in Fig. 6, DPu reached 27.1 using
L2 (PEPA), while the DU, DNp, and DAm values were 1.11, 0.3, and
0.02, respectively. All the ligands extracted Pu(IV) more effec-
tively than other metals, while Am(III) and the ssion product
ions were hardly extracted (distribution ratios of <0.1).
Fig. 5 Spectrophotometric titration of ligands (a) L1, (b) L2, and (c) L3 ([

564 | RSC Adv., 2024, 14, 560–567
Phenanthroline ligands (e.g., Et-Tol-DAPhen) exhibit similarly
high extraction abilities for Pu(IV); however, they also extract
Am(III) and U(VI). By comparison, the diamide ligands in this
study have high separation factors for Pu(IV) over Am(III) and
U(VI). The separation factors for Pu(IV) over other actinides and
ssion elements are also higher than those of tripyridine
diamide ligands (e.g., te-tpyda and to-tpyda).38,39 These results
demonstrate that diamide ligands L1–L3 can all effectively
extract Pu(IV) from the aqueous phase while leaving other acti-
nides and ssion metal ions predominantly in solution. Thus,
the extractants have good application prospects for the selective
separation of Pu(IV).
Stripping experiment

To further explore the practical application of the extractants,
stripping extraction tests were conducted. Based on the solvent
extraction results, the DPu values were lower at lower acidities
and NO3

− concentrations. Consequently, the stripping extrac-
tion of Pu(IV) is feasible at low HNO3 concentrations. We eval-
uated the Pu(IV) stripping ability of the three diamide
extractants using ve stripping agents. The results are displayed
in Tables 4, S3 and S4.† Aer three stages of stripping, nearly
complete Pu(IV) stripping was achieved, demonstrating the
excellent stripping performance of the extractants. Notably,
nearly 100% stripping efficiency was achieved when using 0.2 M
HNO3 as the stripping agent. These outcomes highlight the
viability of reusing the same extractants in multiple Pu(IV)
separation cycles.

The reusability of the three diamide extractants was further
investigated over ten extraction – back extraction cycles. The
cyclic Pu(IV) and U(VI) extraction abilities of ligands L1–L3 are
shown in Fig. 7 and S3.† The DPu and SFPu/U values remained
nearly constant over the ten cycles, demonstrating the excellent
reusability of the three diamide extractants.
L] = 2.0 × 10−5 M) with Pu(NO3)4 ([M] = 2 × 10−3 M) at T = 298 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Distribution ratios D and separation factors SF of some acti-
nides, lanthanides, and fission elements by phenylpyridine diamide
ligands L1, L2, and L3 in 3.0 M HNO3 solution

L1 L2 L3

D SF D SF D SF

Pu(IV) 7.28 — 27.12 — 20.08 —
U(VI) 0.95 7.66 1.11 24.39 1.12 17.88
Pu(III) 0.20 37.33 1.95 13.90 1.93 10.41
Np(V) 0.15 49.52 0.30 91.93 0.27 75.21
Np(VI) 0.01 606.67 0.03 968.57 0.02 836.67
Am(III) 0.01 808.89 0.02 1695.00 0.01 1825.45
Zr(IV) 0.63 11.48 0.61 44.25 0.62 32.54
Cr(III) 0.43 16.88 0.41 66.18 0.41 48.50
Mo(III) 0.18 41.47 0.05 494.44 0.08 260.88
Ce(III) 0.12 60.97 0.04 755.22 0.05 389.15
Ru(III) 0.11 63.63 0.04 674.29 0.05 370.07
Pr(III) 0.07 97.72 0.07 405.62 0.07 293.65
Sm(III) 0.07 111.42 0.07 379.67 0.07 286.00
Eu(III) 0.06 122.72 0.05 529.48 0.04 456.47
Nd(III) 0.06 122.72 0.06 468.96 0.06 345.43
Sr(II) 0.05 158.16 0.05 508.15 0.05 386.97

Fig. 6 Extraction properties of some actinides, lanthanides, and fission
elements by L2 (PEPA) in 3.0 M HNO3 solution.

Fig. 7 Reusability of extractant L1 (PPEA). Organic phase: 0.05 M L1 in
1-(trifluoromethyl)-3-nitrobenzene; aqueous phase: 3 M HNO3,
5 mg L−1 Pu(IV), and 1 g L−1 U(VI).

Fig. 8 Extraction of Pu(IV) and U(VI) using L2 (PEPA) exposed to g

irradiation for different durations. Organic phase: 0.05 M L2 in 1-(tri-
fluoromethyl)-3-nitrobenzene; aqueous phase: 3 M HNO3, 5 mg L−1

Pu(IV), and 1 g L−1 U(VI).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 7

:5
4:

21
 P

M
. 

 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
Radiation stability

Radiation-induced degradation can affect the structure and
extraction performance of extractants. Therefore, radiolytic
stability is crucial for their reusability. The radiation stability
can be evaluated by characterizing the structure of the extrac-
tant or the distribution ratio of metal ions aer irradiation. In
this study, the three extractants in 1-(triuoromethyl)-3-
nitrobenzene were exposed to varying doses of g radiation
(0.1, 1, 10, and 100 kGy) from a 60Co g irradiator while
Table 4 Pu(IV) stripping efficiency of L2 (PEPA) in 1-(trifluoromethyl)-3-

Stage

Stripping agent

0.2 M DMHAN–0.1 M MMH 0.2 M HNO3

1 87.5% 83.6%
2 71.2% 70.5%
3 82.5% 71.5%
Total aer 3 stages 99.4% 98.7%

© 2024 The Author(s). Published by the Royal Society of Chemistry
monitoring the DPu values. As shown in Fig. 8, aer receiving
a dose of 100 kGy, the DPu and SFPu/U values of L2 decreased by
only 4.96% and 1.4%, respectively. This suggests that the Pu(IV)
and U(VI) extraction efficiencies remained consistent aer
nitrobenzene using five stripping agents

0.1 M
EDTA–0.5 M HNO3

0.2 M H2C2O4–0.5 M
HNO3

0.2 M
AHA–0.5 M HNO3

82.5% 76.9% 84.9%
65.3% 68.9% 73.6%
82.5% 71.4% 87.7%
98.9% 97.9% 99.5%
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irradiation. The results for the other extractants are displayed in
Fig. S4.† Overall, all three extractants exhibited good radiation
resistance. This may be because extractants containing
aromatic groups, such as those in this study, typically have
better radiolytic stability than those containing aliphatic
groups.40 This resistance further demonstrates the potential of
these ligands for sustained and long-term utilization.

Conclusions

In this study, we synthesized and evaluated three diamide
extractants bearing phenylpyridine rings with different func-
tional groups for the separation of Pu(IV) in a complex system in
HNO3 solution using 1-(triuoromethyl)-3-nitrobenzene as
a diluent. The ligands exhibited high selectivity for Pu(IV) over
other metals such as U(VI), Np(V), Am(III), and various ssion
elements. Notably, the ligands with longer carbon chains (L2
(PEPA) and L3 (PPOA)) extracted Pu(IV) more effectively than
those with shorter carbon chains (L1 (PPEA)) because the long
carbon chains enhanced the solubility of the ligands in the
diluent and thus improved DPu. The slope analysis and UV-vis
spectrophotometric titration results revealed the formation of
1 : 1 complexes between the extractants and Pu(IV). This was
attributed to the steric hindrance of the long alkyl chains, which
restricted coordination between Pu(IV) and additional ligand
molecules. Thermodynamic evaluations conrmed that the
extraction reaction was exothermic and occurred spontaneously
at room temperature. L2 had the most negative Gibbs free
energy of the three ligands, which aligns with its high extraction
performance for Pu(IV). All three diamide extractants exhibited
good stripping ability and reusability, and their radiolytic
stability was appreciable up to an absorbed dose of 100 kGy.
This highlights the excellent application prospects of phenyl-
pyridine diamide ligands in the selective extraction of Pu(IV).
Furthermore, the results contribute to the study of actinide
coordination with diamide ligands and improve our under-
standing of actinide chemistry during coordination, offering
new ideas for the design and synthesis of novel extractants.
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