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Structural Design and Functionalization Strategies
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Abstract: The full utilization of marine uranium resources holds significant strategic importance for sustainable nuclear
energy development. However, achieving efficient uranium extraction from seawater remains highly challenging because of
the ultra-low uranium concentration, complex ionic environment, and microbial fouling in marine ecosystems. To date,
numerous advanced materials with exceptional extraction performance have been developed. Among these, polymer materials
have emerged as one of the most promising candidates for industrial-scale seawater uranium extraction, owing to their
scalable production, tunable architecture, and superior binding affinities. From the point of structural design and
functionalization strategies, this review presents an overview of the latest advancements in the polymer-based uranium
extraction materials and the methodologies towards the function-oriented development of uranium adsorbents with high
adsorption capacity, selectivity, and biofouling resistance, along with various emerging polymer-enabled seawater uranium
extraction technologies. Furthermore, the critical technical challenges and future research directions in the development of

polymer-based uranium extraction materials are thoroughly elucidated.
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Fig. 1 (a) Structural units of amino-functionalized porous polymer>®); (b) Synthetic route of amino-functionalized conjugated microporous

polymers (Reagents: bis-(triphenylphosphine) palladium(Il) dichloride, cuprous iodide, triethylamine, N,N-Dimethylformamide; (ii)

hydroxylamine hydrochloride, triethylamine, N,N-Dimethylformamide)?*”!
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Fig.2 (a) Organic porous polymer adsorbents based on uranyl-specific ligands!"’;

; (b) Structures of uranyl-specific ligands[4°]; (c) Structures of
phosphorylurea-functionalized hierarchical porous polymers at different spatial positions(*!]
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Fig.3 (a) Morphology of PAO fibers at the macroscopic level; (b) Spatial conformations of PAO chains at the mesoscopic level; (c) Metal-
ligand interaction at the molecular level®; (d) Schematic illustration of spatial conformations of polymer chains influencing their

adsorption ability*!
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Fig. 5 Schematic illustration of the mechanisms underlying reduced shrinkage behavior and strengthened uranium adsorption ability of h-PAO

hydrogel compared with those of PAO hydrogel™*!
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Fig. 6 (a) Schematic illustration of uranyl tricarbonate ion and trimesic acid; (b) Building units for COFs networks; (¢) COFs synthesized by
different building units; (d) Trimesic acid as the template to form the imprinted complex; (e) Hydroxyl-enriched molecularly imprinted
COFs!*!
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with high-selectivity uranyl-binding cavities’>")
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Fig.8 (a) Schematic illustration of the synthesis and selective uranium extraction mechanism of the spidroin-based fibrous adsorbent®";

Structural composition and uranium adsorption mechanism of (b) DSUPPY and (c) LSUBPP?; (d) Schematic illustration of the

biomimetic nanochannel architecturet>!
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Fig. 9 Schematic illustration of (a) AO-OpNpNc synthesis and (b) uranium adsorption!'!); Schematic illustration of (c) montmorillonite

composited porous PAO fiber for uranium extraction>”]; (d) Porous PAO adsorbent based on phase separation>®]
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Fig. 10 (a) Schematic illustration of transpiration-enhanced uranium extraction from seawater by directional-channel hydrogel™;
(b) Hierarchical networks of blood vessels in human body; (c¢) Branched tube-based model inspired by the demic circulatory system;

(d) Schematic diagram of the bioinspired hierarchical porous membrane; (¢) Working principle of the hierarchical porous membrane

for uranium adsorption'®”!
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(a) Schematic illustration of semi-IPN synthesis and uranium extraction; (b) Coordination modes of uranyl ions within the gel
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network®l; (c) Schematic illustration of the ionic crosslinking and selective uranium-adsorption mechanism in Zn?*-PAO

supramolecular hydrogel(®?)
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Fig. 12 (a) Synthetic process of the directional freeze-dried aerogel with photothermal enhancement!®’); (b) Schematic illustration of the

photothermal-enhanced hydrogel for uranium extraction from seawater(®4
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binding and antibiofouling mechanisms of PPH-OP[?)
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Fig. 15 (a) Schematic illustration of antimicrobial and uranium adsorption mechanisms of PAO-Col’®); (b) Schematic illustration of the
synthetic process and antibacterial mechanism of BP-PAO fabrication!’”); (c) Schematic illustration of uranium catalysis and
antibacterial mechanism of NDA-TN-AQ!®!
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Fig. 16 (a) Photocatalytic COFs for uranium extraction from seawater fabricated by regulating intramolecular donor/acceptor interactions

(b) Schematic illustration of the electron excitation process in COFs-based uranium extraction materials during photocatalysis
(c) Charge transfer mechanism between COFs and U(VI) during photocatalytic processes®’]; (d) Electronic structure characteristics
and charge transport properties of different types of COFs frameworks!?’]; (¢) Schematic illustration of the fabrication process for

photocatalytic COFs with Ti-oxo clusters!®; (f) COFs nanowires for photocatalytic uranium extraction from seawater'®>); (g) COFs-

based uranium extraction material utilizing photocatalytically in sifu formed studtite nanodots'®”!



496 o om oo T ¥ M 4538 %

1RG0 1 4 JE SCHEAL AT RHBURLEE A, MELL 5 A HLZL 53 7850 45 G, 30 43 31 2 11 16 4 700 20 B 40 K 4 s e fie
A3 Sy DR 5 L 2 1T R I AF B3R, HE T M R A TG M . BT oA R] A, &% 1M1 AT A1 Ti-oxo F& AL
B YIVE R B RS A5 [ R 7E COF's B 2R N, A 207 1E T 400K & Jd AR I SR 48, I 4 v 17 Hol k2% ST iz
wlPERE (L 16(e)) o SRRl 78 KSR ZK ol (0 4 A 32 B2 hy Bk R il B, B326 76 COF's ‘B4R v 114 4 I8 A1 7 1) 26
1T BA 25 - B8 5 Ak R Bl 0k 7 £ i pL 0 5 TGS 2E UCVD) S06 AR A 5 fil . S5+ LRI, % COFs Bk
FEBRAPEFREE 5T WG B P SE B T X UOK(COs)s+ B B AL, 78 KSRV K Hh (0 Al 4R BUHOR B 3k 89.9%. &t
TG0/ INRSHARELRSURLIR COFs Xt 1T Wi e 55, H o B 125 7 A B B ) B3, ) 1L AT BASS)
LA S B U 4 T SR R R 2 T 4 COFs 44 K2k (18] 16(f) ) . 1% COFs 94 K2 1 i & ik
£k 100 mg/L BB P SE BT B4 519 10.9 g/g PRI &, IF T 42 d NTE KSR K H 3R T 34.5 mg/g
BRI f

DIERFE R, 2 Ak &0 5 K T L [R] 5 4l Bk 2 I 1L (U0, ) - (0,) -4H,0 LTE™ 39, HAZ UTTE W) vl il i
FRUEAT IR . LTI, TARERHA BABT AL BE I 4 T — Bl iR HLE A 0 57 i S AU fiE 1 9 6 A4k COF's
(18 16(g) ) o RIS G F v = 2R i S A &, JF RN B T+ COF's H Y il 8t 25 5 A2 i (UO,) - (0,) -4H,0 TLTE,
% COFs fig NI 7K i s i, I 78 KR TG /K P B4 12.875 mg/(g-d) AW RT3 3 .y T4 Ak 52 il 18 5 2
(1) TR 75 A W] 4 (UO,) - (02) -4H,0 VT TE VA M, 15 177 52 B0 A4 BHE R F-2E , 1% COFs 2B 35 7 W s A fig O 35 i i
90% M FEIURCR . th T i 72 v = A i AL &, 1% COF's ¥ 228 R A I HTifg v A4 W i Ye b g

VAR, 452537 24 COF's JE A AL /K 32 Al bt 20 B SN A Al 4R BURE 11, 38041k 22 B B9 20
Bt R 2 5 10 mg/(g-d), 30 DR ik SR A W v K AR A R BB 9T AN . i Sl T AR
XA RHA H 25 ROS P2 A e, i HAS RAF MBI YtERe . BLoh, i TOuMIb b (a2, s b R ot
MBS ERRRE 1 o SR, B A4 4r T A5 TAHE | BB A it 725 80 RSH B RAT B il 25 35 2 b )
1R RN
22 |WEFEEEIEIT

FEF AR 2 4 TR B AL A SR SR AL R R N 2, BEE JC T A BLRE LA A OL N A S S A kil
JER N o X 2 1 A A CSSY e Xl L2 A 0 L/ R 66 700 5 51 A 76 O 550 5 A ) PRI RUH st/ L kRS L
B AE Wi G 2 04 () AL, 0 34 A D o A R R 5 R ME RN P(AO-co-AM ) 2 SR A6) s 110 1A 35 R T2 ot ) o,
BT —Fh LA Cu(D)/Cu ) S 48 A A B S ot B i) [ &4 U VD $5 46 R UCIV) Y IR Bk fb—
Ak 19 63 7K 32 5l B4 B CMCS-P(AO-co-AM)-Cu( &l 17) o 7 W Bff -fi# {3 #& 1, CMCS-P (AO-co-AM)-Cu H1 1
AO FEHGEH Cu 11) AN IA Iy Cu(D) o B, I W B 500 H ) Cu(D 4 AO FiT AM AT 1 Wi U( VD)
W AR UCIV) B0k, 55, R 500 A 69 Cu(1) 6 AO T AM BE T E 10 B (4 UC VD) 38 J5 Sk S 15 1Y
UIV)§akE . T H a8 AT A8, 12 BR300 00 il 225 45 07 s T 0t 52 42 ), 745 WA A 390 A A ) P R 4 055 T 25%

e e

! o J S - 3 ” 7 : . ‘ - ; <
‘é" X &w psd e Reduced > /

binding site

o - 33 ‘ e O regenerable ~
P(AO-co-AM)# CMCS s

Anti-biofouling

Inspired from marine plants

P,

P17 A O A T D 7 i ) T DR A A 750 1/ AR s 7 P )

Fig. 17 Schematic illustration of enhanced uranium adsorption in seawater by seaweed-like adsorbents bearing micro-redox reactorst®®!
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