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Abstract Nuclear energy, recognized as an efficient and stable power source, is poised to play an increasingly significant
role in the global energy mix. The reprocessing of spent nuclear fuel is crucial in assessing whether nuclear energy can be
deemed a sustainable form of energy. Among the various technologies involved, partitioning-transmutation technology not
only reduces the long-term hazards associated with radioactive waste but also mitigates the environmental risks linked to the
treatment of nuclear waste. The transuranic elements in high-level liquid waste (HLLW) possess relatively high toxicity and
long half-lives. Therefore, the effective separation of transuranic elements from HLLW is a necessary condition and a key
technology for separation-transmutation. Among the methods for the separation of actinides, solvent extraction has been
widely applied due to its simplicity and low cost. However, this method also presents several challenges, such as the use of
toxic or flammable solvents, the formation of emulsions, and the generation of large amounts of secondary organic hazardous
waste. In contrast, solid-phase adsorption does not require organic solvents, thereby reducing the volume of solvents and the
risk of secondary pollution. Moreover, the adsorption process can be conducted at ambient temperature and pressure, making
it simple, low-cost, environmentally friendly, and regenerable. These advantages have contributed to its increasing popularity
and research interest in recent years. However, the harsh conditions in HLLW present significant challenges in the develop-
ment of solid-phase adsorbents. Despite many obstacles, advancements in solid-phase adsorbent materials for transuranic
element separation have demonstrated considerable potential within the nuclear energy sector. This article provides a com-
prehensive analysis of the benefits, challenges, and prospective applications of solid-phase adsorbents. It offers a systematic
review of research progress in various solid adsorbents, including inorganic porous materials, carbon-based porous materials,
polymer resins, metal-organic frameworks (MOFs), and covalent organic frameworks (COFs), specifically in the context of
transuranic element separation. The review investigates their strengths in terms of adsorption performance, selectivity, stabil-
ity, and regenerability. Additionally, it highlights research challenges such as the complexity of preparation, economic viabil-
ity, and the scalability of production processes. This thorough analysis is instrumental in the development of more efficient
and eco-friendly transuranic element adsorbent materials and in facilitating their integration into practical nuclear energy
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processing applications.
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Table 1 Types, advantages and disadvantages of porous materials used
for the separation of transuranic elements

ZAMEIRE s B

THZ AR HIR T MR, AR,  EFEE, PERERE
WA, RREM PRSI EE R

WELZAMR MEURGF, WS, il &k, ok, A
e ko REJ155

REMMIE  BIR TR, MK, RREmE, KRS RE,
Gk, P, R EEAIG
B AU
BIRAHAERE RS, ZhE FaE R 2, BEK
(MOFs) AR

LINHFHAELE R, WA R,
(COFs) FasE ks, AT

FHRBEIR, B AM R L
SEE Tk

© 2025 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

2 8. SAAERILEM

2.1 $2(Np)

TE/RIERT, HELL Np™, Np*, NpOj, NpO3" Juf#
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Figure 2 (a) Different silica gel-bound macrocyclesi®*. (b) Triethoxysilylated ligands used to build hybrid silicas!>!
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Figure 5 Schematic representation of the grafting of Poly(EGMP)
chains on the GO platform by UV-Initiator induced polymerization*"!.
Copyright 2016, American Chemical Society
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Figure 6 Actinides/lanthanides group separation through ion sieving in
the membrane. (a) Schematic diagram for actinides/lanthanides group
separation based on the ion-sieving strategy. (b) Representative lantha-
nide and actinide ions!*”), Copyright 2023, Springer Nature
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nides/actinides by ion sieving in GOM. The dotted squares represent the
pinholes on the GO sheets. The arrows show the possible permeation
routes in the GOMPY, Copyright 2023, Springer Nature
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JUERBA mW R, EX R SO R . 25,
HFF 58 A58 T AN IR (R RE G AN A AR OB i 38, AR
FUAS [ 26 B A0 AR i 25 56 B A e & o B R .
Deepika ZE058 2,6-X0(5,6- R Fk-1,2,4- = B2-3-JL) i g
("Pr-BTP)(& OIS FE U 8 FivR)iRisi/t XAD-7 #ifli I,
B P T A e U R R SR L Am(TID) ) 26 B 6 1%
LRI Am(II) B A = e B Ak B, % 81 &R
JUE AN AN G W 45K, Sreenivasulu SF00L A
HU7 TIAP. CMPO 51 #7E XAD-7 Mg b, AT Mg
PRI AR [BICER . e AER S e R, (EAE SRR
i, HAth 48 B 70 Fe(IINA Mo(VI)H 234 —[FIHREL,
FAAR T 4R b4l 2 . Pathak 25191065 PC8SA 2B GV i AE
HH SR B A (PES) il B (1) 5 W 2 FLER & W Bk, il AR i
HeF AR5 T B AHAEEGT) PCS8SA-EIMPBs. #iff 78 K BLAE
2 mol/L HNO; 21~ Pu(IV) WL B JLF-iA 5 5 &, 1
Am(II7E pH=3 5 T Wt F A, Pu(IV)FI Am(TID) FI W%
BiE 25 843 3l 2.13 A1 2.64 mg/g.

fj\ l b

> R R EtOH R N Z N R

PSR 2 ) s T T
NH, NH, o © Refux o N/'N N‘N/ R

R=CH3CH,CH,- R=CH3CH,CH,-

2,6-pyridine dicarboxamide  Octane-4,5-dione "Pr-BTP
dihydrazone

Bl 8 "Pr-BTP )& pil™!
Figure 8 Synthesis of "Pr-BTP!"!
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(DMDBMA) 5 & H 346 1) Merrifield #4 i5 2E47 4k 2 4
JE, il T —FEERAEMAENCENAG. BEEMHRIK
FE 38K, %A RE 6T IR A W o B Am(ITT) Al
Pu(IV) &~ th REFIIE 77, FIHAFE RSB, W 0.1
mol/L a-$23£ % T #R(a-HIBA). 0.25 mol/L EZF1 0.01
mol/L Z. %I Z.FR(EDTA) R LAAS 2 fit.

2016, Ruhela 5020 28 3 — 4 — Bt % (BenzoDODA)
A FEAN P2 B B 205 — LR R R AW L& &
7 BenzoDODA SDVB #{ fIi5, 7E 1 mol/L i 1 ZHUER 1
KN 5X10* mL/g. %W A5 AT AR P v e £ ]
WCER, HAEA RAUFM A AR e v, (BB B8 7 B A
BRI BE 38 N A, JeFL e HNOs IR BEAE 7 mol/L L |
JUFTC W B . Singh &5 O3V i AR A [ B BER G BT
BenzoDODA 3 3R & Y1 Bk (BEPBs), H T- A& 1%
VW 7 B AR, SRERTE 4 mol/L HNO, ¥ 25t 8 d 1)
WS B SR, oA W 4% 1) W 5 1) 45 M AR T R AR GV ), 6
R fRE .

2018 4, Pribyl 845 B 1 23R (4- £ ) FE ML g ) e i
) PolyHIPE JIAM AL, Wil 9 Fior, 900 & h
s aifh, g5 BoR M E A RIS Reillex
HPQ B /5 11 W B 7% 5 F0 5 A% R JBd i 28, 4 R B
JEROR SR RER DA N AV iR a8 - NSRS a
Bl 1 A AL R BRI, 5 R AR L, X R
PRI Ab B2 R FNER 1) [ WSO B A S 3 A 3%, i sk
R TE TR R AN AR G PR T AR e A R

CONVECTIVE MASS
TRANSFER (FAST)

B9 IR(4- LR EEIELE R PolyHIPE 3k A4 Ak 2 el Lo
Figure 9 Schematic diagram of poly(4-vinylpyridine) grafted PolyHIPE
foam!®¥, Copyright 2018, American Chemical Society
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M, ARG — LB G = R, e A BN B
KEARFILAE, HT WL FEERAEIK. &5
B FERAICAE 1) R, R 1 ARl oo s R RE
BT MR, & EAPHELE(MOF) ML i A1
PLHEZE(COF) S B AR ZE ARl DAL s 45 . KIMLL
WA T 2R e R R g iR, TR
HE R i o 3R I B U BRI )

3.4 wRBABWIEZRMOFs)
% J& A HLHE 48 £kl (Metal-Organic  Frameworks,

FEARAE RN, Wi HHRTE R B 2 fLEA T
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(PR AR TR % rey e B [ R B 72731,

TEPIRICR B, AFIZEEH) MOFs K HIhfg
LS S B . N-BUARRC AR, W = e sR el it e
BCAA ) MOFs 7EIEFEE 7 TR 0 1, (EFSE MEA Frde
w4 O-HHARLAER, 418 A I (-COOH) B 5L (-OH)
MOFs B RUF ik Aae v, (FEEEAa BRIS70; St
PRECAR, a0 A B Bk (-S-) B B (-SH) 2 41/ MOFs 7211
FRPE 261 RIS o A g, AR AE SR A T AR 1
U, PHHARCAAR ) MOFs L AT v W B 2% B AT R 2 (1)
WP, SRR EEA RS, DhEEfk MOFs 5%
MOFs S APRHUER A 1 w51 FE 1R AT 5 il 14 R 22 ) R4
(PRI RE, (H AR B B8 ST A CLORIED?, (R, 75 22
FRIEAS [ F4) B 37 35 A B V0 MOFs A4 8] DASE LT 2 ¢
EIESR &

MOFs ¥ BT 2 0 3 Bl i DL = FPL i s2 L.
(OB MU 3 HALBR R T 1) B R 5 8 & oo
FIC RO B, M SE I BRI B, () FLBRZE 5 R
SPHEREPE: MOFs FIFLBR &5 A1 R SE 4 B PERE 2 0 E
BB A E LR, T LA R B R TR 1)
EEEVER M, FINHEFR M T80T, G)REEAS
HEEI 5] MOFs ()3 10 Hfar v DAIE it 18 775 e A2 1Y) H A
PRI R, AT 3G BR8] 2R 70 2R A i LR 5] 133730,

{H2 H §T MOFs X T4 2 70 2 I b 32 B2 Tk
TR R B, X T v R AR 5 H R A e 2R P R B A
FLE/D, X AR H T MOF & H 4 55 1 e A7 S8 A4 50 1T 2,
KA s R M ISV b Fo R e M 2, R H il 2k
T [f) MOF Jh4h &t 8000 Fir, {H4H* A TR
(AR AT 78 B B0 T LA A B 4.

2019 4, Xiong 5B E K MOF B T BRI I
AREITC I ES. N T $E R MOF i e P A0 e e e
P, ZEGE S TR — RS, KR K EY
(HfOC1,*8H,0) 5 & It = I H 35 Jjf TR (ATMP) [ v & &
— AR S 2 L AEE S8 4 )8 A HIHESL(UMOF), R
B A MEP), WE 10 Fia. BFREN, 7 4
mol/L [IRSER T, HEP-0.8 XF 23°Pu H1 23'Np ] Ko {53 51 M
1.19X 10* F1 6.68 X 10° mL/g. % TAF AN MOF fEi8
1 0 25 R B A S R ) R SR TR A R AR R, T
L3 i B v i W v AN R R M, O MOF R 12
1A% RE A DR 403 1) 92 FH B8 e T R Al
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%0Co y-rays, 1.10x10° Gy

Hf-ATMP ﬁ
e~ ~~—P—OH
" -
m— R " P f—
o /|
W!l—orl
g

AC= U(VI), Th(IV), Z7Np(V), 2%Pu(IV),
M= Ce(Il1), Eu(111), Ho(I11), Yb(Il1), Sr(11) and Co(ll)

Medium 3 mol/L HNO3 4 mol/L HNO3
Actinides u(vi) Th(IV) 29y(1V) ZINp(V)
Ka (mL/g) 5.09x10% 5.84x10% 1.19x10* 6.68x10°

B 10 HAEEAYIHEP) UVI), ThIV), 2 Pu(IV)FI 2 Np(V)I7R
e

Figure 10 Schematic diagram of HfP adsorption of U(VI), Th(IV),
Z9Py(1V), and 2'Np(V)B%. Copyright 2018, Elsevier

2022 4E, iZPIBNTE%T HEP-0.8 34T 1 Co y 5248
HEAR B, DAPR 78 T 2 70 28 W Bt e 2 Ao 45 A P s
Wi, W RI, fidiEIEE, HP-0.8 F1f) P-O-H [
1 P-O-Hf FE [, (HEE PR S S50 IR 52 5] y 49 2k 4R IR
IR (B 11). A, RPN y AR RQ2.4 MGy)FHF
R XA AR R B A o 2R R BB PR A AR, SR A
R R G AR E . SR, dnfl it — R iR T R
BRI B PERE B T — A8 Bk,

Scattered photon

Gammaray

AANN @ %P—/O'—H +®—R—P—o-
Recoil electron m_R_P —0
N -

B 11 SRR s = E S
Figure 11 Sketch map of the irradiation effect!’®). Copyright 2021,
Elsevier

SE A BEVE NPT R — AN EE BRI, AR R B
Re A& EARMREm. ZHFIABIE 2023 FiE—PH 5 T
HIP 145 & FE 0T B Bl oo 2= WP e sz mm. R 2,4,6-
= (4-TE R A HE)-1,3,5- = & (H6ttbp) 1T NI = 145 Bt 4,
A& T — RIS RS & B FIREIR Y MOFs: 5%
& B BEIRERHESE MPFs (HfP-x), Frb x R4 B3 71
SRR R, SR TR R TR A AR
MRS S P B AR e e, IR R X 4T
SF(PXRD)FRIE, RIMIAEMAN HIP-0 2 & 45 )
HfP-50, &5 &4 BERWin. 45 &2 i) HIP-50, 7E47]
1 LSRR T IOV BT TR (1) S AR AR AR, AR
B R 5 T R B0 B AR I BE. 7E 6 mol/L HNO; 1,
Pu(IV)f) K41k F 3.7X 105 mL/g PA L, 1 Np(V)7E 0.1~6
mol/L HNO; F1 1] K4 N 102~ 10> mL/g. 1% 7¢ i@t i %
P-OH 5 P=0 WLuf) DAL R 4G dii MPFs [ & T 2506,
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HELAETE MPFs, $im 1 AR bR R o0 3 7 B
HE.

SR, BT MOF EMAIRMITER, FEUE LR
F A= AR AN O] B G P I R, G g 2 R 2 T U A TE B
25, MOKAHH 2 B A EI WA A, OBV A% G kS,
T S IRIX — OB PR A, 2% PR 4 20K 1 AU A ) (HEP)
N A I L 2 BB S B R AR I (PAN) R, ]
% T RE R AEEINEM), & 12 Fios, 8id A
(1) HIP 8%, oA T 90K 41 4 1) T 4% A0 3 TR R
B, AT R B PERE. 45K B, PAN/HIP 9K4F
HEEXT Pu(IV) I 2 B2 It 95%, Kafmi T 6.5 X 10° mL/g.
1M HH T NpO3 LA % FEIR T Pu®, LR Np(V)II
Bt BRI T X5 Pu(IV) B R B 14 B, 1H 25 Bk 26475 s ik
91%. XEFH, B PAN/HP NFM (I#INE, Np(V)
JUF- 0] LA 58 4= 2B, WA % T polymer/MOF
NFMs 7 5 i P 75 V3R B oo 2 W Bt o g R Y B, i
FLARHR T A ACIR G B 700 0 e 1) 8, ELREF T A% 0 7K Ak
PREFSLPR RO T — PR R, Msh, SEBERIPUE
HACKIERSSE

BI12 KA & M AL R Al o0 38 70 125 v 1 R 2
Figure 12 Synthesis of nanofiber membrane and its application in
transuranic element separation!®!. Copyright 2023, Elsevier

3.5 HANBHHEZR(COFs)

FMHHIHEZL(Covalent Organic Frameworks, COF)
R—RERETRQWHK. A A BE)Ed LR
TE R 2 FLES e k), B RS0 0 FLAR AR 75 4k 2
DI P 83-861 Kp sl 2 AH EE T RO A7 B T 1Y) MOF T
7, iR COF BA LR e, fEkaT
R B AUR, COF PRI m B A F A e e, ATt i 4L
PRt A= B A S YA M 32 2097, H AT, COF
E BT TG 320 B I SR AT AL T TR R BB, HE
JE It S ALY, A X R R Al T B I v R R
W Bt i R BE RN LA 1) — IR 7 A, 1X {818 COF
F A% IR Ak SR AN R 1 56 3R BT WA 3 b — AN
) fige s A4

2019 4, Shi SFEVE IRIE 1A HUBEER BE 121 1) 3L
WA HIAEZEA L COF-IHEP1 A1 COF-IHEP2, & At s
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WK 13a. X SRR A R ) COF B 4281 r L g #,
8 B 2% O R T TR 1 AN e R I . Bk, R
) FLHEHREZL SR S e AE A COF 2 iR 13 BIR AP 43
B, TR ) n-n HERVSE R S R TE 2 5 2 2 (Al AT A% 1.
X FSNAEXT COFs H (B R W24t 1 B 73, AT
SEEL T BRI SRR AR e . R, WRRR IR A 5] NI
T TIX%e COFs s KM EGRe)1, BERT T HX
Pu(IV)FEREME. BRARM, S HZMEFETU M
Am Z5)FIREERIA BT, BiFh COFs X Pu(IV) i 2 B 1y
HEIT 90%. 2023 4F, %I H @ B R, K
R B 5 AR RIS A HLE 226k, e T BA N
1 T8 FL B 45 7 B W R A0 1) — 4E % COF: TzDa-Phos,
W1k 13b, 1% COF £ 3 mol/L HNO; £, ZHL Pu(IV)
1 Kq 2N 9.7X10° mL/g. fxilt, 1% 2H 0@ i Wi -5
PRV R A2 A 1 7 X, RANIPE A 1,3,5-=
(4-F BRI 2 35)- = (TFPT) M $% COFs MI3RIN4iH, [H
B 5] NZRPE AR 1,10-20 3F 2 hk-2,9- — T8k i (D) Bl ik i -
2,6- IR IIE(P), RN A 2 A R R A e
fIPFf COFs: DAPhen-COF F1 Py-COF, & R F24n &
14. ., DAPhen-COF 7E 0.5 mol/L HNOsH' % Np(V)-
Pu(IV) 2 B3R 73 5l ik 99.1%F1 95.8%. 7E 0.01 mol/L
HNOs 1 Xf Am(IID) 1) 25 bR % =18 98.6%. b4, H
Np/Gd 15 2 KTt 5000, 82500 T Hosth 238 1 [
M EL e X S ERIRISORE 41 25 B (EXAFS) 7 BT 3R 1,
DAPhen-COF  H 4t i e 37 250 0 B K A IR B ot 22 e A
TARK, IXRH] COF ¥ %URT 4 ) RE A1 75 Bl (1 I B op
RIET REERH. EXAFS #l4 &3, DAPhen-COF 1E
U-Ocq1 722 FIFCAL LB B 1y, H U-O/Neg2 M1 U-C 722 1]
BRAFIEK. £ Y DAPhen-COF 12 ME L e 4k GE 1%
VR LT Sl B K, T Py-COF ) A fi e 1) 1) 4k g
TVE R PLIX TR R, 3 —DIOIE TSI s . kT
UL, EXAFS X Fpmfg . =i fE B 1 Sl RAEF A AE
Ab PR A TC B A B MR B AR R, $RAE TR ST
PME DRSBTS 2, AR A iR AL T
B SR

BbAb, I % A PONE R T I A4 SR A AR
PR PUsE S 15 sp?c-COFs, & 15 iR, Bk
SEML T E TR COF AR NE FAS b B T i i 4
ZAHEEA TR M B . WSS SRR, 7E 8 mol/L
THIR VA, COF-THEP3-CH3NO; 7F 20 min P4 1] 23 FR 1A
Wi 98%K) Pu(IV), TxT U(VIZEAE N K7 4 55 T 2Bk
FINT 3%. %FPRHE 8 mol/L iERIF 1 FH 4 100 kGy 71
B OCo y HHERHRS 5 I RE ORI 7E BE 1Y) i B AL 2 45
o, 2 W LA S e e R i 4R R M, 12 A N R K
JER AR IR T H s AR

SR, LA HLHESL (COFs) Al 4 @ A HLAE 28
(MOFs) [FIFE&SJ& T AR E, T 7850 R HAE
SRR, B R BN, ) s ek
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Figure 13  (a) Synthetic procedures for COF-IHEP1 and COF-THEP2!*"). (b) Schematic representation of the synthesis procedure of TzDa-Phos!®*!
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RHERBURG RO FEOY, Hoh, HLE82 ) BEALUAMY AT BA
UMM R 2B, WIERGRE. MR A
SVERR . RERRAE, AT DAL T AR A, RR AR
RE T SR ) BT AR B RS R, TR R A R
A RISLIG 4, ML m o RAee. ik 4k, FIH
TRIE 2 SRR R A AR AT PUd i %, mT LUk
FIAPRLE R B3 Dbk oGl Haris &l A s
— B, Lu ZECNE PRS2 S SRR T8
L2 S AP (CVD) DA B 4 MoS MR 2%,
o, XGBoost #A T T HERG R T 88%. B T
I T HEARL, BLES 2 S AR BRI, SRR RO 1)
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Bl 14 DAPhen-COF fl Py-COF FJ& pin & P
Figure 14  Synthetic strategy of DAPhen-COF and Py-COF*!

Benzoic acid
Benzoic anhydride

_— =

180°C,72h

CH3l, Acetone, NaNO3

60°C,24 h

TMB

Benzoic acid
Benzoic anhydride
L — e

180 °C, 72 h COF-IHEP4 60 °C, 24 h

CH3l, Acetone, NaNO3

B 15 COF-IHEP3, COF-IHEP4, COF-IHEP3-CH;NO; 1 COF-IHEP4-CH;NO; 1] B i K100
Figure 15  Synthetic strategy of COF-IHEP3, COF-IHEP4, COF-IHEP3-CH;NO; and COF-IHEP4-CH;NO,1*"!
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TN FH 3 55 85 SR 1) B T R R I ET AR A i 3
b

PRER I, MLk ) E Z Bkl a A h S 7 —
EMRERE, Rl R BN ) 40 2. 2022 4F, Liu S608@
IE AR AL B ML 28 27 ST A DA FC AR 1) 43 7 45+ 5 Tl 7 Fic
AR PEARCEE, B T T Cs/Sr e BMESE ST E(L
AYINHER SR, BE I SEES R S T AR E KA R R
LR BR AN EUOR FER) I Sr2* 24 G B U A Cs* )ik
Pk, UESE T N LRSI S0, MU EwE 16 Fr
8. 2023 4R, ZHABAOMEH T —FrEnd s R e, DL
PErm A TE AR I AR, X SE T g B M Hh 2 6 TR VR
FHE RS T, HHERE T 2RO R, (A
2 AR 78 5 ) B AR R AL v Ay L T I S AR AE . B
Ja, IR USRS EHE A Cs/Sr 4 dn A B L
M, FEORIE H LR C T KRR I A R AT SE 50 36 IE
ZJ5, % A0V S 8 A 8 A 0 AT B R A2 R RN TR
S AERE, N 8 Tl 4 AR 4 R 76 2 RS A 5 A
AR AT T Cs/Sr FIEEAZ AL A PERR. 8 5] N ULk
AL T, #S7 T AL transformer B v fff 1 T
TR S Cs/Sr BT Mg GomfE ML ER. &,
WEBCAR Sy 455 Cs/Sr ERALE R THE T, W
Bl 17 B, Z AR AR AR S A B it 1 48
S =

Machine Learning-Guided Identification of
Ligands for Cs/Sr Separation

Sr2*-Coordination
Polymer

= Cs*
m Candidate Ligand Set

Bl16 2 THLES] Cs/Sréh i 7 B IR S A e i & o i [ S)
Figure 16 Machine learning-guided identification of coordination pol-
ymer ligands for crystallizing separation of Cs/Sri®!. Copyright 2022,
American Chemical Society
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Figure 17 Overview of deep-learning-centered protocol to identify and
rank candidate ligands for selective Sr/Cs coordination!'””, Copyright
2023, Science Press
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