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Radiation-grafted amidoxime-functionalized carbon nanotubes as photothermal adsorbents

for efficient uranium extraction

LI Jiucheng” HU Jiangtao' WU Guozhong'”
'(Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China)

*(University of Chinese Academy of Sciences, Beijing 100049, China)
*(ShanghaiTech University, Shanghai 201210, China)

ABSTRACT The efficient extraction of uranium from aqueous solutions is critical for the sustainable
development of nuclear energy. In this study, amidoxime-functionalized multi-walled carbon nanotubes (AO-
MWCNTs) featuring a "polymer brush" architecture were synthesized via a catalyst-free radiation-induced grafting
polymerization (RIGP) strategy. The resulting adsorbent exhibited high affinity toward U(VI), achieving an
adsorption capacity of 84.30 mg/g at pH 5.0 (C, = 12 mg/L). Adsorption kinetics and isotherms aligned with the
pseudo-second-order and Freundlich models, respectively, indicating a chemisorption-dominated process on a
heterogeneous surface. Furthermore, AO-MWCNTs demonstrated significant photothermal-enhanced adsorption
capabilities. Under simulated solar irradiation (100 mW/cm? for 24 h), the material achieved near-complete removal
of uranium (>99.99%), reducing residual concentrations below the limit of detection. This enhancement is attributed
to localized interfacial heating induced by the photothermal effect of the CNTs, which accelerates ion diffusion and
thermodynamically promotes the endothermic coordination reaction. X-ray photoelectron spectroscopy (XPS)

confirmed that U(VI) capture occurs via stable bidentate chelation with oxime nitrogen and oxygen atoms. This

study presents a viable, solar-driven strategy for the remediation of uranium-contaminated water.

KEYWORDS Uranium extraction, Carbon nanotubes, Radiation grafting, Photothermal effect, Amidoxime
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Fig.3 XRD patterns of (a)MWCNTs, (b) PAN-g-MWCNTs-
OH, and (c) AO-MWCNTs (color online)
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Fig.5 TEM images of (a, ) MWCNTs, (b, f) MWCNTs-OH, (c, g) PAN-g-MWCNTs-OH, and (d, h) AO-MWCNTs
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Fig.6 (a—d) Digital photographs of MWCNTs, MWCNTs-OH, PAN-g-MWCNTs-OH, and AO-MWCNTs dispersions (1 mg/mL,
after standing for 3 months); (e) sedimentation curves of MWCNTs and AO-MWCNTs (0.1 mg/mL)
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Fig.7 Eftect of pH on the adsorption of U(VI) onto AO-
MWCNTs in aqueous solution (C;=12 mg/L, V=100 mL,
m=10 mg, T=25 °C)
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Fig.8 Effect of contact time on the adsorption capacity of
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L99.99% E 5 ﬁ{) : 1IE7¥<5)34% R AR T 1 Fig.10 Infrared thermal images of AO-MWCNTs under
PR, TFESR = JE I B B RS (24 h simulated light irradiation at (a) 0 min, and (b) 20 min
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Fig.11 XPS spectra of AO-MWCNTs before and after U(VI) adsorption: (a) survey spectra before and after adsorption; (b) N 1s
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high-resolution spectra after U(VI) adsorption

2t ERriR, XPS 43 HriiF 52 AO-MWCNTSs *%f U
(VD BB 5 il A A B A L S B . BARHL

BRI Oy (8 R 5 2 AR 9 SOk e AR, RT3
s A 2 (=N-OHD R i fi 425 141 1) 4

XXXXXX-9



XXXXXX

(N-O-H) LRI 7 5481821 (U0,
AR E A, T SE B s 2 Al 9k

3 g

AT A I R A S R R A & T —
Tl o' A ) 12 R B 79— 148 fie s 366 3 g 4k 22 BE Bl 4 oK
% (AO-MWCNTs) , JF & 4 #F 5 1 H 4h
(U (VD ) Wbt 1 s & HLEE . FTIR. Raman il
XRD 73 TS, 8 i 48 56 4 B3R B D) 18 i
F DL B B CNTs 2 1, [RIIF CNTs {4 4
T RUFHE SRS e et . R sE IR R, izl
FEZ VS pH B35 52m (et pH 5.00, HAHHE 21
3l J12% M Freundlich S5 61, 7R T X2 —
RAEFGERFRERW LR ES SR, &
BRI E, AO-MWCNTs % 8 H A 57 19 4%k
B B P RE . AEBTHURFHOLIE S (100 mW/em?)
T, 1925 T CNTs A=A 1 JR 3 #4164
BHE 24 h 2B 7 B0E & T 52 2 ik . XPS 7
Mgk — 2 [ B TR LER,  IF SR EE B T B T
51 fie s TG A m 7 B 6 2R B 6 AR % AR e
) LU TG 7 58 1T B A SR 1) . 28 B TIR, AO-
MWCNTs 5 {8 s R b 5 . DUl 3l ) 5 A phoRR
(1) R S AR, SRR I ¥ K BH R Bl ' R K
e e B R AL T — R T SRR T %

ETWMAEH ZAEL, Wik, REERITE
R HEHABENR; TAEATMHBHRHE R X
. RMER ., HFELE S50 HILE. XE
RAFTEXERER. TAEEZFHCEEZHANT
%W XX A RO BT R 2

Sk

1 Liu L M, Guo H, Dai L H, et al. The role of nuclear
energy in the carbon neutrality goal[J]. Progress in
Nuclear Energy, 2023, 162: 104772. DOI: 10.1016/.
pnucene.2023.104772.

2 Wang Q, Guo J L, Li R R, et al. Exploring the role of
nuclear energy in the energy transition: a comparative
perspective of the effects of coal, oil, natural gas,
renewable energy, and nuclear power on economic

Environmental

10.1016/j.

growth and carbon
Research, 2023, 221:
envres.2023.115290.

3 Yu K F, Zhou L, Wu L Z, et al. Photo-assisted uranium

emissions|[J].
115290. DOI:

extraction based on heterogeneous catalysts[J]. Science

XXXXXX-10

10

11

12

13

Bulletin, 2024, 69(24): 3800-3805. DOI:
scib.2024.09.039.
Xue B C,Ji YL, YiHT, et al. Electrochemical uranium

10.1016/.

extraction from wastewater and seawater[J]. Advanced
2026, 36(35): €29094. DOL:
10.1002/adfm.202529094.

Ma M H, Wang R X, Xu L N, et al. Emerging health risks

Functional Materials,

and underlying toxicological mechanisms of uranium
contamination: Lessons from the past two decades[J].
Environment International, 2020, 145: 106107. DOI:
10.1016/j.envint.2020.106107.

Horvit A M, Molony D A. A systematic review and meta-
analysis of mortality and kidney function in uranium-
exposed individuals[J]. Environmental Research, 2024,
248: 118224. DOI: 10.1016/j.envres.2024.118224.

Faqir Y, Li Z A, Gul T, et al. Uranium's hazardous effects
on humans and recent developments in treatment[J].
Ecotoxicology and Environmental Safety, 2025, 293:
118043. DOLI: 10.1016/j.ecoenv.2025.118043.

Yang L S, Xiao H Y, Qian Y C, et al. Bioinspired
hierarchical porous membrane for efficient uranium
extraction from seawater[J]. Nature Sustainability, 2022, 5
(1): 71-80. DOI: 10.1038/s41893-021-00792-6.

Yang D X, Song S, Zou Y D, et al. Rational design and
synthesis of monodispersed hierarchical SiO,@layered
double hydroxide nanocomposites for efficient removal
of pollutants solution[J]. Chemical
Engineering Journal, 2017, 323: 143-152. DOI: 10.1016/j.
cej.2017.03.158.

Chen L, Fu L H, Feng K, et al. Ton exchange-based

from aqueous

microreactors harness self-generated pH gradients and
long-range flow for dual-enhanced uranium extraction[J].
Advanced Functional Materials, 2025, 35(51): ¢09597.
DOI: 10.1002/adfm.202509597.

Yuan Y H, Zhao S L, Wen J, et al. Rational design of
porous nanofiber adsorbent by blow-spinning with
ultrahigh uranium recovery capacity from seawater[J].
Advanced Functional Materials, 2019, 29(2): 1805380.
DOI: 10.1002/adfm.201805380.

Yuan Y, Cao D D, Cui F C, et al. High-capacity uranium
extraction from seawater through constructing synergistic
multiple dynamic bonds[J]. Nature Water, 2025, 3(1): §9-
98. DOI: 10.1038/544221-024-00346-y.

Xin Q, Wang Q L, Luo K W, ef al. Mechanism of
selective uranium adsorption using polyvinyl alcohol/

Cyphos IL-101/reduced graphene oxide composites[J].



FIRESE (B RLIG IR R RV S B SO Al T ko B e

14

15

16

17

18

19

Chemical Engineering Journal, 2024, 500: 157256. DOI:
10.1016/j.cej.2024.157256.

Cao M, Peng Q, Wang Y, et al. High-efficiency uranium
extraction from seawater by low-cost natural protein
hydrogel[J].
Macromolecules, 2023, 242: 124792. DOI: 10.1016/].
ijbiomac.2023.124792.

Liu L J, Zhao B, Wu D D, et al. Rational design of

International ~ Journal of Biological

MOF@COF composites with multi-site functional groups
for enhanced elimination of U(VI) from aqueous solution
[J]. Chemosphere, 2023, 341: 140086. DOI: 10.1016/.
chemosphere.2023.140086.

TRE S, BB, e R, &5 (B RS R0 AR T 7Tt
JET). 5T 0 S R 5 T 2R, 2023, 41(1): 010101,
DOI: 10.11889/j.1000-3436.2022-0099.

ZHANG lJianwei, TIAN Bo, LI Jinfeng, et al. Research
progress of amidoxime uranium adsorption materials[J].
Journal of Radiation Research and Radiation Processing,
2023, 41(1): 010101. DOI: 10.11889/j. 1000-3436.2022-
0099.

FH W7, xUshes, M3k e . A8 Bl 2D RHIE K SR BB R
W FLVFIR R R (T]. T RE R BOR, 2023, 57(1): 1-
22. DOI: 10.7538/yzk.2022.youxian.0885.

TIAN Guoxin, LIU Tingting, YANG Suliang. Review
and perspective on technology for uranium extraction
from seawater using amidoxime-based materials[J].
Atomic Energy Science and Technology, 2023, 57(1): 1-
22. DOI: 10.7538/yzk.2022.youxian.0885.

AHIZE, Bk, MEE, 5. AR A &0 T 8%
LA ET Y 7K B B B R RE ) 1 28 S LA B[], A
WE R 548 5 T2 % 4Rk, 2024, 42(4): 040205. DOI:
10.11889/j.1000-3436.2024-0005.

HU Lijun, MAO Xuanzhi, FENG Xinxin,

et al.

Preparation and  properties of  guanidine-based
antimicrobial ultra-high molecular weight polyethylene
fiber for uranium extraction from seawater[J]. Journal of
Radiation Research and Radiation Processing, 2024, 42
(4): 040205. DOT: 10.11889/j.1000-3436.2024-0005.

G, BERA, @i R ThRe b & o TR R
N 2T A 1 1) % 5 AR AP B [0, 6 S 0T 9 5 A
T & %4, 2023, 41(2): 020202. DOI: 10.11889/j.1000-
3436.2022-0126.
JIN Changxian, SHAO Dadong,

Phosphate-functionalized

GAO Qianhong.
ultrahigh-molecular-weight
polyethylene fiber: preparation and uranium adsorption

performance[J]. Journal of Radiation Research and

XXXXXX-11

20

21

22

23

24

25

26

27

Radiation Processing, 2023, 020202. DOI:
10.11889/1.1000-3436.2022-0126.

T, EEEdE, ThEL, 55 . 22 B R i fis HE
B Rk 1] % o At e B B (D). SRS 0T o S R L
2 4R, 2024, 42(2): 020202. DOI: 10.11889/j. 1000-
3436.2023-0061.

REN Wanning, FENG Xinxin, HAN Hongwei, et al.

41(2):

Preparation of amidoxime-based adsorption materials
with a multi-amino synergistic effect and their uranium
adsorption performance[J]. Journal of Radiation Research
and Radiation Processing, 2024, 42(2): 020202. DOI:
10.11889/j.1000-3436.2023-0061.

Priya S, Ilaiyaraja P, Priyadarshini N, et al. Effective
removal of wuranium (VI) wusing magnetic acid
functionalized Fe,O,@TiO, nanocomposite from aqueous
and Environmental

DOL:  10.1016/.

Process
Protection, 2023, 178:
psep.2023.08.034.

Li J F, Zhang N, Wang Q W, et al. y-irradiation induced

solutions[J]. Safety

480-493.

preparation of pyrazolate-based metal-organic framework

for  efficient uranium  adsorption[J]. = Chemical
Engineering Journal, 2025, 515: 163435. DOI: 10.1016/j.
cej.2025.163435.

Sajid M, Asif M, Baig N, et al. Carbon nanotubes-based
adsorbents:  Properties, functionalization, interaction
mechanisms, and applications in water purification[J].
Journal of Water Process Engineering, 2022, 47: 102815.
DOI: 10.1016/j.jwpe.2022.102815.

Liu H C, Huang G C, Wang R, et al. Carbon nanotubes
grown on the carbon fibers to enhance the photothermal
conversion toward solar-driven applications[J]. ACS
Applied Materials & Interfaces, 2022, 14(28): 32404-
32411.

He Y, Yu S P, Shaban M, et al. Plasma-assisted
preparation of amidoxime-carbon nanotubes hybrids for
effective uranium extraction[J]. Journal of Environmental
2024, 12(6): 114495. DOI:
10.1016/j.jece.2024.114495.

Wang Y, Gu Z X, Yang J J, et al. Amidoxime-grafted

Chemical Engineering,

multiwalled carbon nanotubes by plasma techniques for
efficient removal of uranium(VI) [J]. Applied Surface
2014, 320: 10-20. DOI: 10.1016/.
apsusc.2014.08.182.

Wu J L, Tian K, Wang J L. Adsorption of uranium (VI)

Science,

by amidoxime modified multiwalled carbon nanotubes

[J]. Progress in Nuclear Energy, 2018, 106: 79-86. DOI:



XXXXXX

28

29

30

31

32

33

10.1016/j.pnucene.2018.02.020.

Forsythe J S, Hill D J T. The radiation chemistry of
fluoropolymers[J]. Progress in Polymer Science, 2000, 25
(1): 101-136. DOI: 10.1016/S0079-6700(00)00008-3.
Chen S M, Wu G Z, Liu Y D, et al. Preparation of poly
(acrylic acid) grafted multiwalled carbon nanotubes by a
two-step irradiation technique[J]. Macromolecules, 2006,
39(1): 330-334.

Fan K, LiJ H, Li L F, ef al. Fabrication of polyacrylamide
- carbon nanotubes by one-step radiation-induced graft
Fullerenes, Nanotubes and Carbon
12-15. DOIL: 10.1080/

polymerization[J].
Nanostructures, 2018, 26(1):
1536383X.2017.1391226.
GuY, Li H X, Liu L X, ef al. Constructing CNTs-based
composite membranes for oil/water emulsion separation
via radiation-induced “grafting to” strategy[J]. Carbon,
2021, 178: 678-687. DOL: 10.1016/j.carbon.2021.03.051.
Wang J L, Zhuang S T. Extraction and adsorption of U
(VD) from aqueous solution using affinity ligand-based
technologies: an overview[J]. Reviews in Environmental
Science and Bio/Technology, 2019, 18(3): 437-452. DOI:
10.1007/s11157-019-09507-y.

Patra K. Seawater to sustainable energy solutions:

XXXXXX-12

34

35

36

37

leveraging functionalized carbon-based materials for

uranium  extraction[J]. ACS Applied Engineering
Materials, 2026, 4(1): 1-37. DOI: 10.1021/acsaenm. 5¢0
0641.

Zhang H B, Lin G D, Zhou Z H, et al. Raman spectra of
MWCNTs and MWCNT-based H2-adsorbing system[J].
Carbon, 2002, 40(13): 2429-2436. DOI: 10.1016/S0008-
6223(02)00148-3.

Zhang H L, Quan L, Gao A J, et al. The structure and
properties of polyacrylonitrile nascent composite fibers
with grafted multi walled carbon nanotubes prepared by
wet spinning method[J]. Polymers, 2019, 11(3): 422.
DOI: 10.3390/polym11030422.

Wen S Q, Wang H Q, Xin Q, et al. Selective adsorption
of uranium (VI) from wastewater using a UiO-66/calcium
alginate/hydrothermal carbon composite
2023, 315: 120970. DOL:
10.1016/j.carbpol.2023.120970.

Tseng R L, Wu F C. Inferring the favorable adsorption

material[J].

Carbohydrate Polymers,

level and the concurrent multi-stage process with the
Freundlich constant[J]. Journal of Hazardous Materials,
2008, 155(1/2): 277-287. DOIL: 10.1016/].
jhazmat.2007.11.061.



