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Herein, the exploration of advanced materials in the highly effective removal of uranium is highly desired.
Three amidoxime-functionalized conjugated microporous polymer (CMP-AO) networks with different
architectures were synthesized by the Sonogashira—Hagihara coupling reaction. The effect of various
factors on the photoreduction of U(v) on CMP-AO was systemically investigated. The fast photocatalytic
efficiency (K; = 0.00713 min™), superior selectivity and prominent recyclability of U(vi) on CMPs1-AO was
achieved due to the outstanding separation of photogenerated carriers, good chemical stability, and
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massive functional groups. According to trapping and EPR analysis, the photogenerated electrons and
superoxide radicals played an important role in U(vi) photoreduction. The introduction of AO groups was
shown to be favorable for the photoreduction of U(v) into U(vi) by XPS analysis. These findings are crucial
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1. Introduction

The consumption of fossil fuels has facilitated the process of
industrialization and urbanization over the past few decades.
The rapid development of nuclear power effectively alleviated
the shortage of fossil energy and the environmental pollution,
and it was regarded as a clean energy route to achieve carbon
neutrality." However, various radionuclides will inevitably be
discharged into the environment during the exploitation of
the U(vi) ore, post-process of spent fuel and accidents of
nuclear power plants, demonstrating the severe effects on the
environment and human health due to its radioactivity and
high toxicity.> Therefore, the highly efficient removal of
uranium is of great importance for the sustainable develop-
ment of nuclear energy.’?

In particular, the development of advanced materials with
high removal capacity is desired. In the past decades, numer-
ous novel nanomaterials (e.g., graphene oxides,*® metal
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for the rational design of CMPs in removing U(vi) from aqueous solutions.

organic frameworks (MOFs),”® covalent organic frameworks
(COFs),’*® and conjugated microporous polymers
(CMPs)'**¥) have been widely utilized for the removal of U(vi)
from aqueous solutions. Among these novel nanomaterials,
CMPs as typical novel nanoparticles can be fabricated by com-
bining an extended =m-conjugation with a permanently micro-
porous skeleton."®?° For instance, the highly efficient photore-
duction of U(vi) on CMP (99.5% within 2 h) achieved by har-
nessing sunlight was very appealing due to the tunable poro-
sity, high crystallinity and excellent charge separation of
CMP.*" The light-driven catalysis-assisted U(vi) reduction into
U(wv) is regarded as an effective strategy to remove U(vi) from
aqueous solutions due to the large difference of solubility
between U(vi) and U(v).>* Nevertheless, the application of
CMPs is severely hindered in actual environmental cleanup
due to the high cost of the monomer, limited active sites, and
poor stability of CMPs under harsh conditions (e.g., high sal-
inity and presence of strong bases/acids). The synthesis of
stable CMP materials with high removal capacity, low cost and
easy preparation still remains challenging.

The objectives of this study are as follows: (1) to synthesize
CMP-AO using polymerization and amidoximation methods
and characterize it using microscopic (e.g., SEM, XRD, FTIR,
and XPS) and optical techniques (e.g., DRS, PL, TPC, and EIS);
(2) to investigate the effect of different factors (e.g., reaction
time, pH, and competitive ions) on U(vi) photoreduction by
CMP-AO; and (3) to demonstrate the photoreduction mecha-
nism of U(vi) on CMP-AO using trapping, XPS and EPR
analysis. The highlight of this study is the actual application of
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Scheme 1 Synthesis of CMP-AO and the adsorption mechanism of U(vi) on CMP-AQ.
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Fig. 1 Characterization of CMP-AQ: (A and B) SEM and XRD, respectively, and (C and D) FTIR and C 1s XPS spectra, respectively.

This journal is © The Royal Society of Chemistry 2026

Dalton Trans., 2026, 55,196-204 | 197


https://doi.org/10.1039/d5dt02520f

Published on 01 December 2025. Downloaded on 5/2/2026 7:34:45 PM.

Paper

CMP-AO
solutions.

towards various radionuclides from aqueous

2. Experimental section
2.1 Materials and methods

1,3,5-Triethynylbenzene (TEB), 1,2,4-tribromobenzene (TBB),
triethylamine (Et;N), and hydroxylamine hydrochloride
(NH,OH-HCl) of analytical grade were purchased from
Sinopharm Chemical Reagent Co., Ltd. The other chemicals
(e.g:, toluene, tetrakis-(triphenylphosphine)palladium(0), copper
(1) iodide, acetone, (diacetoxyiodo)benzene (PhI(OAc),), dichlor-
oethane, malononitrile (C3H,N,), KsFe(CN)s, NaHCO;, p-BQ,
TBA, EDTA-Na and KI) of analytic grade were obtained from
Aladdin Biochemistry Chemical Reagent Co., Ltd (Shanghai,
China). U(v1) stock solutions (0.1 mol L") were prepared by dis-
solving UO,(NO;),-6H,0 (analytic reagent, as a gift from Hubei
Chushengwei Co., Ltd) into DI water in a glove box.

2.2 Synthesis and characterization of CMP-AO

CMP-AO was synthesized by cross-coupling chemistry of TBB
with TEB in a mixture of toluene and Et;N solution.>*?*
Briefly, the monomer of TEB and coupling agent of TBB were
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placed into a mixture of toluene and Et;N, and then heated at
80 °C for 3 days under tetrakis-(triphenylphosphine)palladium
(0), copper(i) iodide in a N, atmosphere. Then, malononitrile
was added into two intermediates to generate cyano groups
under Ph(OAc), and dichloroethane conditions. Then, the as-
prepared intermediates were functionalized by NH,OH-HCl
under Et;N condition to convert the cyano group into AO
groups (Scheme 1). CMP, CMP1-AO and CMP2-AO refer to the
mass fractions of the AO group with 0, 1 and 2 wt%, respect-
ively. The detailed synthesis processes are provided in the SI.

The as-prepared CMP-AO was characterized by scanning
electron micrometer (SEM, Oxford X-max micrometers), X-ray
diffraction (XRD, Rigaku SmartLab SE X-ray diffractometer),
Fourier transform infrared (FT-IR, Bruker Vertex70 spectro-
meter), X-ray photoelectron spectrometers (XPS, Theta probe),
BET surface area and porosity analyzer (JT-2000, Haixinrui
Technology, Beijing). The optical properties of CMP-AO were
determined using photoluminescence (PL, ELS1000-
Edinburgh Instruments), UV-vis diffuse reflectance spectra
(DRS, Shimadzu UV-2700 spectrophotometer), electron para-
magnetic resonance (EPR, Bruker EPR A300 spectrometer),
transient photocurrent response (TPR, TranPVC 900, Oriental
Spectra), and electrochemical impedance spectroscopy (EIS,
VersaScan, Ametek Scientific Instruments).
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Fig. 2 The electrochemical properties of CMP-AQ: (A and B) PL and DRS,
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2.3 Removal experiments

All batch experiments as a function of various factors (i.e.,
time, pH, catalysts, competitive cations) were conducted in a
photoreactor under visible light irradiation (300 W xenon
lamp with a 420 nm cut-off filter) under ambient conditions.
Briefly, 10.0 mg photocatalyst was added into 50 mL 10 mg L™"
U(vi) solution. After allowing the reaction to proceed under
dark conditions for 60 min, the dispersion was irradiated at
different time intervals. The pH of the solution was adjusted
by using 0.1-1.0 mol L™ HCI/NaOH. To assess the reusability,
regeneration experiments of U(vi) on CMP-AO were conducted
by collecting CMP-AO after the reaction and then pouring it
into NaHCOj; (10 mL, 0.1 mol L™") under vigorous stirring for
30 min. After that, CMP-AO was washed by DI water and dried
at 120 °C overnight for next use. The trapping experiments
were investigated by adding 5 mL of various scavengers (e.g.,
p-benzoquinone (p-BQ, 1 mmol L), tert butyl alcohol (TBA,
1 mmol L), EDTA-Na (1 mmol L") and KI (1 mmol L) to
eliminate the superoxide ("O,7), hydroxyl ("OH), electron (e™)
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and hole (h") radicals, respectively) into 10.0 mg CMP2-AO and
45 mL 10 mg L™ U(v1) solution. After adsorption equilibrium
under dark condition for 60 min, the dispersion was irradiated
under visible light for 360 min. After the reaction, aliquots of
the dispersion were separated from the liquid phase by
0.22 pm syringe filter. The concentration of U(vi) in aqueous
phase was measured by UV-Vis spectrophotometer (Arsenazo
III as color agent) at 650 nm.

3. Results and discussion
3.1 Characterization

The morphologies and mineralogy of CMP-AO were verified by
SEM (Fig. 1A) and XRD (Fig. 1B), respectively. The stacking
fibers with a thickness of a few micrometers matched well
with the previous reported.>' The wide XRD peaks showed the
typical characteristic of amorphous CMPs, whereas the strong
diffraction peaks at 260 of 20.7° were assigned to the (110)

0 60 120 180 240 300 360
Reaction time (min)

Fig. 3 The effect of the photocatalysts (A) and fitting of the pseudo-first-order kinetic model (B), pH (C) and competitive cations (D) on the U(v)

photoreduction on CMP-AQ.
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plane of CMP-AO." In addition, no change of XRD spectra
under different harsh conditions (e.g., immersing in pH 2 of
HCI and pH 12 of NaOH for 24 h) manifested the chemical
stability of CMP-AO. The successful amidoximation and
polymerization of CMPs were confirmed by FT-IR spectra
(Fig. 1C). The characteristic peaks at 1300-1600 (e.g., ~1350,
1413 and 1567 cm™') and 650-800 cm ™" (e.g., ~679, 787 cm™ )
indicated the skeletal vibration and C-H bending vibration of
the aromatic ring of CMP, respectively.”’*® The absence of
C=N (2220 cm™') and the appearance of C=N (1645 cm™")
and N-OH (954 cm™') of the AO groups showed the valid graft
of the amidoxime groups.”® The absorption peaks at
3105 cm™" could be assigned to the stretching vibration of the
aromatic C-H groups.>” As shown in Fig. 1D, the C 1s high-
resolution spectra of CMPs can be deconvoluted into three
peaks at 284.6, 285.4 and 286.2 eV, corresponding to C-C, C-O
and C=N/C=O0, respectively.*® Compared to CMP (Fig. S1A),
the weight loss of CMP-AO was slightly decreased at
300-400 °C due to the degradation of AO. As shown by the N,
adsorption-desorption curve (Fig. S1B), the type-IV isotherms
(hysteresis at relative pressure of 0.8-1.0) demonstrated the
coexistence of mesopores and macropores in CMP. The BET
specific surface area (830 m> g™') and total pore volumes
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(1.25 m® g7') of CMP-AO were higher than CMP (419 m”> g~*
and 0.53 m® g~"), which was more favorable for U(vi) adsorp-
tion. The structural characterization of CMP2-AO was con-
ducted via solid-state >*C NMR at the molecular level
(Fig. S2A). The prominent signal peaks at § = 123.3 and
131.1 ppm corresponded to C-H and C-C=C- structure,
respectively. In addition, the signal peak at § = 89.1 ppm
further demonstrated the synthesis of CMP-AO.*° These
characterizations concluded that CMPs-AO exhibited beneficial
properties with its easy processing, low cost, and chemical/
thermal stability.

Fig. 2A, B, C and D show the PL, DRS, TPC and NIS spectra
of CMP-AO, respectively. Compared to CMP (high emission
peak at 580-590 nm, Fig. 2A), the significant decrease of the
PL intensity indicated the low recombination of the electron—
hole pairs of CMP-AO.>° Therefore, the introduction of AO
groups was beneficial to the separation of the photo-generated
charges.>® Apart from the broad absorption intensity at
200-300 nm (Fig. 2B), the enhanced relative intensity of
CMP-AO at wavelengths >500 nm showed the extended adsorp-
tion range from UV to visible region.?* According to the calcu-
lation of the Tauc plots (inset in Fig. 2B), the optical bandgaps
of CMP-AO (~2.85 eV) were slightly lower than those of CMP
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Fig. 4 The regeneration (A) and trapping (B) of U(vi) on CMP-AO. (C and D): EPR spectra of ‘O,~ and "OH radicals, respectively.
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(~2.91 eV), indicating the superior photocatalytic performance
of CMP-AO."® The high photocurrent response (Fig. 2C) further
demonstrated the excellent separation efficiency of photogene-
rated carriers of CMP-AO.* According to EIS Nyquist
analysis (Fig. 2D), the low arc radius of CMP-AO indicated the
high electron transfer of electrons.>® Based on the electro-
chemical characterizations, the unique structures of CMP-AO
can effectively hinder the recombination of photogenerated
electron-hole pairs and extend the absorption range from UV
to visible light, resulting in the highly effective photocatalytic
activity.

3.2 Evaluation of the photocatalytic performance

The effect of various factors (e.g., photocatalyst, pH, reaction
time, competitive cations) on U(vi) removal was investigated to
evaluate the photocatalytic performance of CMPs-AO. The
photocatalytic performance of CMP2-AO (90% within 60 min
under visible light irradiation, Fig. 3A) was two times higher
than that of CMP (~45%) due to the highly efficient selectivity
of AO groups towards U(vi. Compared to CMP (K; =
0.00276 min~", Fig. 3B) and CMP1-AO (K; = 0.00357 min "),
the high rate constants of CMP2-AO (K; = 0.00713 min ")
further demonstrated the superior photocatalytic performance
of CMP-AO due to the fast transfer of multiple electrons.®®

The removal kinetics of U(vi) on CMP, CMP1-AO and CMP2-
AO can be satisfactorily fitted by pseudo-second order kinetic
model according to the high correlation coefficient (R* > 0.98,
Fig. S2B and Table S1), indicating the chemosorption of U(vi)
on CMP-AO. Generally, the pH value of the aqueous solution
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influenced the speciation of U(vi) and determined the surface
charge of CMP-AO. The removal of U(vi) on CMP2-AO gradually
increased with increasing pH. The highest removal was
observed at pH 6.0 (Fig. 3C, 92%), whereas the U(vi) removal
decreased with further increase of pH above 6.0. The increased
removal at pH 2.0-6.0 could be attributed to the electrostatic
attraction of the positive U(vi) species (e.g., UO,>*, UO,(OH)"
and (UO,);(OH)s", Fig. S3A) and the negative charge of CMPs-
AO (negative charge at pH > 5 by zeta potential in Fig. S3B).>?
The decreased removal of U(vi) at pH > 7.0 was also attributed
to the electrostatic repulsion of the negatively charged U(vi)
(e.g., UO,(CO;3),> /UO,(CO;3);*, Fig. S3A) and negative charge
of CMP-AO. By comparison, the amidoximation process
endowed CMP1 with selectivity towards U(vi). Considering the
actual applications, a comparison of the U(vi) removal with
other heavy metals (Na, K, Ni, Ba, Mg, Ca, Ce, Sr, V) is shown
in Fig. 3D. The distribution coefficient (K, 2.85 x 10* mL g ™)
of U(vi) on CMP2-AO was significantly higher than that for the
other heavy metals (e.g., 0.075 x 10* mL g~* of Na, 0.14 2.85 X
10* mL g~ of Ni, 1.25 2.85 x 10* mL g~ of Sr and 1.69 2.85 x
10* mL g~ " of V). The exclusive U(vi) removal on CMP-AO could
be attributed to the high selectivity of AO towards U(vi). The
chemical stability of CMP-AO was also evaluated by the gene-
ration experiments. As shown in Fig. 4A, the slight decrease of
the U(vi) removal after five cycles revealed the potential appli-
cation of CMP-AO in actual U(vi) remediation. These findings
demonstrated that CMP-AO exhibited the fast removal
efficiency, high selective enrichment and excellent chemical
stability towards U(vi) in aqueous solutions.
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Fig. 5 XPS analysis of CMP-AO before and after U(vi) reaction: (A and B) total scan survey and high-resolution N 1s spectra, respectively, and (C and

D) high-resolution O 1s and U 4f spectra, respectively.
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3.3 Interaction mechanism

The interaction mechanism of U(vi) photoreduction on
CMP-AO was characterized using trapping, EPR and XPS ana-
lysis. The generation of the active species during photocataly-
sis was determined by trapping experiments (Fig. 4B) and EPR
spectra (Fig. 4C and D). After adding p-BQ and EDTA-Na, the
significant inhibition of the CMP-AO photocatalytic activity
reflected that "O,~ and e~ were key active species towards the
photoreduction of U(vi)."> Compared to the original CMP-AO,
the decrease of the strong consecutive ‘O,” peaks after U(vi)
reaction indicated the rapid consumption of ‘O,  radicals
during U(vr) photoreduction.?® However, there was no signifi-
cant change in the "OH signal of CMP-AO before and after the
U(vi) reaction, indicating that the U(vi) photoreduction was not
dependent on the "OH radicals. The trapping and EPR analysis
indicated that the effective photoreduction of U(vi) was attribu-
ted to the "0, radicals and e™.

Fig. 5 shows the XPS analysis of CMP-AO after and before
the U(vi) reaction. Apart from the main C 1s, N 1s and O 1s
(Fig. 5A), the presence of U 4f with the decreased intensity of O
1s indicated that the U(vi) photoreduction was related to the
oxygen-containing functional groups.® The high-resolution N
1s XPS spectra of the original CMP-AO can be deconvoluted
into graphic N (399.3 eV) and C-N (400.1 eV, Fig. 5B), whereas
the new peaks at 401.5 eV of CMP-AO after the U(vi) reaction
could be attributed to the U-N bonds.”*” Apart from the C-O
(531.5 eV, Fig. 5C) and HO groups (533.5 eV), the presence of
O-U groups (530.4 eV) demonstrated that the oxygen-contain-
ing functional groups played an important role in U(vi)
photoreduction.?"*® Compared to CMP, the enhanced inten-
sity of the U 4f peaks (ie., U 4f,, and U 4f;,, at 381.9 and
392.5 eV, respectively) indicated the high adsorption capacity
of CMP-AO towards U(vi) due to the introduction of the AO
groups. In addition, the U 4f peaks of both CMP1-AO and
CMP2-AO can be deconvoluted into U(v) (381.5 and 392.0 eV)
and U(vi) species (382.2 and 393 eV).>*** XPS analysis indi-
cated the photoreduction of U(vi) into U(vi) by CMP and
CMP-AO under visible light irradiation.?® Therefore, the inter-
action mechanism of U(vi) on CMP-AO included the electro-
static interaction, strong inner-sphere surface complexation
and photoreduction of the adsorbed U(vi) into U(w).

4. Conclusions

In summary, a CMP-AO with well-defined structure and
massive functional groups was successfully fabricated through
the polymerization and amidoximation methods. Noticeably,
the unique merits of CMP-AO greatly improved the transport
and separation of photogenerated charges, consequently
resulting in outstanding photocatalytic performance (as high
as 90% at visible-light irradiation of 60 min, two times higher
than in CMP). In addition, CMP-AO exhibited excellent chemi-
cal stability and highly selective enrichment towards U(vi) due
to the introduction of AO groups by XPS analysis. Superoxide
radicals and photogenerated electrons played an important

202 | Dalton Trans., 2026, 55, 196-204
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role in U(vi) photoreduction, as shown by trapping and EPR
analysis. By virtue of the experimental and characterization
results, the elaborate design of the desirable materials was an
effective strategy for the highly effective removal of uranium in
the actual environmental remediation.
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