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Abstract: The oceans hold ca. 4.5 billion tons of uranium, which will provide sustainable production for the global
nuclear industry more than thousands of years. Therefore, uranium extraction from seawater is considered as one of
the world-changing chemical separation technologies. Membrane separation is widely used for uranium extraction
from seawater because of its high efficiency, low energy consumption, and non—pollution. Metal-organic framework
(MOF) holds great potential for seawater uranium extraction with membrane technology due to the tunable pore size,
rich functionality, and diverse post—modification protocols. This paper reviews the latest research progress and
future development direction of membrane separation technology in uranium extraction from seawater, and
especially systematically summarizes the separation mechanism and challenges of uranium extraction from seawater

using MOF membranes.
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Fig.1 (a) Nuclear power for electricity generation; (b) Nuclear power for hydrogen production; (¢) Nuclear power for seawater desalination”
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Fig.2 (a) World nuclear power unit development requirements; (b) World nuclear power development requirements in the regional distribution™
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Fig.3 Major ion concentrations in seawater
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Fig.4 (a) Effect of different salinities on the absorption of uranium by adsorbents'; (b) Distribution of U(VI) in different pH ranges
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Fig.5 Timeline of the development of functional materials that have been used in seawater separation of uranium since 1964’
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Fig.6 (a) Synthesis of ZIF-67; (b) Schematic of the mechanism for U(VI) separation by ZIF-67 adsorption'”
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Fig.7 (a) Schematic diagram of the preparation process for UiO—66@PAQO membrane; (b) Schematic diagram of the chemical structure
for Ui0—66@PAO and the process of selective adsorption of uranium by Ui0-66@PAO MOF-based membrane'”
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Fig.8 (a) Schematic of SEM and U(VI) capture and release by microporous polyamide membranes™,; (b) Schematic of U(VI) capture

by LAM membranes in natural seawater
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Fig.9 Schematic diagram of the U(VI) extraction and antifouling process for amines in natural seawater'

https://www.cnki.net

84]



+ 2094 -

fb T

¥

B0

Hh | &N

FH T K B2 4 s Wang 552 R I W-Ui0-66 475 £ 41
BT K PE 4

H AT, 58T 0% B LI B MOF JE0 7K 32t AR AT
TR B, EFERPFENILERLRE =
(PNNL) AL W 04 [ 5% 52 56 % (ORNL) 4K 4 [ B 26
PRI AR IS 1R (GIF) I & DA AL T AELL (EMWG) [1)
AHOCHE 38 2k 4 2 i R AR (WOC) #5381,
LA MOF JI57E T 7K 2 b 40 3 L 4 7 b A Tl 35 4
3, HAG Ml BT R T 100K, A BETH 2 S AR 1Y
R . BAR T, FEUE I AT, MOF fit
A B 25 T B O 11 mg/g s PE SR IRAE AR T, Ik
BFF 25 T R AL 40 mg/g BEA, MOF B il 8 AR T
P& 6 7E 130 USD/kg (W B AF AL ) LLTR™ . SR, %
2 HHT, M AT MOF BEREUZ I8 2] LR B ARFEIR
2.2 ETFR~HHESHIER MOF jEig k2 5H

AR KRG K TP B 0 B2 4%, 8 32 B ) g
HF AR MK BB BOCRF) J& Fe? * Ca®* Mg * . Na® K* 4§
TR A T R A R R
A F AT 508, T S8 s R K Al . A5
FENE, LR & RIS 5 U0 KGR
FATERR K25, Ll & FLAR A T 10~11 A(1 A=
0.1 nm) f) MOF JERI AT SZEL UO2 5 Fe® * . Ca® " Mg ",
Na* K [H] (14 B R0 53 85, DT 8 T A4 T 7K Al 2k 2R
(£ 1), ChuFE R HZBRANE R ACHA , Bl 4%
T H R R s I A A A BRI I (GO-Gly) . |
AR LA 2510 A By 35950 8 73 , ] il L iR K
$& R, A A UL K v UV 19 4% BE 38 422
100% (R85 BA 4« i R 700 29— IR, %
W AR o A S T 5 R TR TR
Z L) AH X HAth 5 B BRI T 16%, AAITTIE W]
T H T RS o ML P S B RO K il mT
etk

AR R GO-Gly B n] 1| FHFLAE SEELT UV
181 100% # 8 (W H 5 S2 DRk ik i 114555, HaE T
B K S 5l ¥ B B9 . PRt SR B AT S kG
2 RUSE i 40 SORT SR AT T BEAG 1 114 J5 R ek 55k A8 75 4%
hia Yl sl MOF B PR HLAT = B 34— i FLAR R
TR A R0 FLAE A SR S BRI 3R GORS o IR 43
H i, B AR RS AR R RS R ) B S
AR I B R AT RTE S (B 10) 25 2 R ik B
YT T80 GEA SR MOF il 48 o Yu S5 il
R P 55 1 A IR AE PCTM 28K AR K ZIF-8
JEE ACHE PCTM LR i 18 57 71 24Pk e L f ZIF-8 BEAS

https://www.cnki.net

F1 RABAKHUO; ' Fe''.Ca’ Mg’ Na'.K'.CI'\H,0

EI‘JRTJ-BS*QO]
Table 1 Size of UO>*,Fe’*,Ca**,Mg**,Na*,K*,Cl",H,0 in

the seawater**™
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Mg?* 8.6
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Na* 7.2
K* 6.6
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H,0 2.8

AU A AR fo 118 235 A6 58 B 1T LA R SR A 7K el 0 4
o B BB A (0.12 Lh) FiE 5 UVD R B R
(2590%) ; Tan 558 13 i FH )2 J2 [ A 360 R T
2 (TA) B TAP B JE A K T ZIF-8, I il £
th TAPP-ZIF-60 A, fif HAF 54508 S P i fig g i 5
fih I, BP0 8 =5 K 98 3% 38 1 [ 5459 Lih-m®) ] FI4E
5 UVD#E B (25 95%) , T UERA T MOF i 75 ¥
KRl FH R R R (1)

HAER AR, BT R0 2L MOF
T A S S AR AR R A R . — T, 2 MOF
R 14) Vg 7K B 2ok A T B A — o R R T DA B S B
T K IREE T HEAT R RS AA ARk () AT 3 8 A e i 2
ARG s 53—, B2 R ST AR
FHRHE Y 27 MOF PR T IR, (- 2 Hf—
FE ) A TE T RE BT R LR R TR
FEME . BEAN BT RS 43 HL3EN FH T K Bl iy
MOF 55 B LA RSP 7E 10~11 A, FLAR R ~Fad kel
F L /NERKESZ I MO JRE () 48 B %, AT R T MOF
FRES 5

3 MOF JiE ¥ K32 4h M fE B 46

ZE L rid S HT MOF Jsifg K S i 58 475 35 225
T 000 5 W B HL B, B3 e A L A R b 3 A n
MOF #4464, S0 1 7K HhAgh 7 28 169 e 80 B 0 5
Carboni 5"l 2 1 MOF—-2 B W {25 54 217 mg/g;
Wu S 28 1) MOF-5 BRI I [ 25 7] 3k 237.0 mg/g;
Zhang 5558 2B B R FE AT, %5 T Nu—1000-PO
HIMOF-808—PO Mt MOF J i, H IR 5 I [ 75 11
I 100 mg/g., T I MOF JIE Ff) 8% o 725 e ik — 2 5
BT OB R . Guo "I £ 1Y GZA WL 25 1



551 www.hgxb.com.cn - 2095 -

B0 (a) B (L A MOF-808 [/ i P81 (b) S [ 7 S T A= 1k A ZIF -8 J5E /R R (o) R AR 1Al 4 MIL-125(Cu)
RS T P25 (PR R TR 1 ) 5 Z1F -8 s 1A
Fig.10 (a) Schematic diagram of MOF-808 membrane prepared by direct growth method®"; (b) Schematic diagram of ZIF-8
membrane prepared by reverse diffusion interfacial growth method®”; (¢) Schematic diagram of MIL—125(Cu) membrane prepared by

secondary growth method””; (d) Schematic diagram of ZIF—8 membrane prepared by rapid thermal deposition method™!

B 11 (a)ZIF-8—PCTM 5S4 K 43 85 /R B 5 (b)TAPP—ZIF—60 5 il 45 i i/ B K 5 (c) ZIF-8—PCTM 3% [fi SEM 1% ;
(d) ZIF-8-PCTM 55 T SEM PRI (e JEEALLEAK Hh o e B2 A7 B 7 XF TAPP-ZIF—60 118 B A (19 L0 5 (0 SR K o 1o e J
HEA7 B T4 TAPP—ZIF-60 41 5 B 311 5 i
Fig.11 (a) Schematic diagram of ZIF-8—PCTM membrane preparation and separation; (h) Schematic diagram of the preparation
process of TAPP-ZIF-60 membrane; (c) SEM image of the surface of ZIF-8—PCTM membrane; (d) SEM image of the interface of ZIF-
8—PCTM membrane™; (e) Effect of high concentration of coexisting ions in simulated seawater on the uranium rejection rate of TAPP-

ZIF-60; (f) Effect of high concentration of co—existing ions in natural seawater on the uranium rejection rate of TAPP-ZIF-6""

602.41 mg/g; Feng "l 2 (1) HKUST-1 MOF JE i J I (i AR FF 25 18 0 155, 35 1683.8 mg/g(£2) .
W% B 75 5 o0 840.3 mg/g; Su Z M4 1) ZIF-67 MOF AR AR B 02, 52 KARMEIK 5 2% 85 MgV
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2 MOFBEEFEBIEAKRIT UV )5 B 1EEE
Table 2 Separation performance of MOF membranes for

U(VI) in simulated seawater

P 5 ok WS/ (mg/g) BFREIM - i SR
1 MOF-808-PO 100 0.33  adsorption [99]
2 MOF-3 109 2.50 adsorption [97]
3 NU-1000-PO 110 0.33  adsorption [99]
4 Zn(HBTC)(L)YH,0), 115 0.08 adsorption [102]
5 Co-SLUG-35 118 4.00 adsorption [103]
6 MOF-2 217 1.00 adsorption [97]
7 MOF-5 237.0 0.08 adsorption [98]
8 PCN-222-PA 401.6 0.50 adsorption [79]
9 MUU 475 4.00 adsorption [104]
10 GZA 602.41 2.00 adsorption [100]
11 HKUST-1 840.3 2.00 adsorption [101]
12 ZIF-67 1683.8 2.50 adsorption [60]

A RGN, MOF JREAE R SR IEE 7K (48 IR L
FEARH, AN HEAT AT AT Acb B 16 7 ) o g W B 25 4 3
R AR g BRI B Y 190~5% 0 Yu 257 45 Y
Anti~UiO-66 MOF [ 7E A5 ELE 7K (48 AR 408 K 4R 137K
H S S 1 S IC T A - R BRI K B TR — 3
(VR B B VRSV s BEPDLIE K T A 55 45 Pl s -, T
AN RREE K P 28 B W A5 A 50 o 9 B
RERZ 452 295.95 mg/g, T £ R SR 7K 1) LS
B 55 2.68 mg/g, ANy BLAE R ) 455 19 1%, E4f3E
f9 MO Ji5% F) 2K SR 1 7K I B 2 249 AN 8 T 10 m/g,
PEER S UK T 10 (3R 3) , W oAk 2 Tl A iy
PR, 255 o B PEREAT AR BE— 2L 5Tt .

&3 MOFEEXRABABIU(V)#959BE e RIETRE
Table 3 Separation performance and cycle times of MOF

membranes for U( Vl) in natural seawater

FFo R MR A PEPR R ik Gk
1 ZIF-8 62.30 mg/g 7 adsorption [95]
2 SSUP 12.33 mg/g 6 adsorption [105]
3 W-Ui0-66 6.20 mg/g 5 adsorption [20]
3 Ui0-66-NH,@CS-PDA 5.52 mg/g 5 adsorption [82]
4 Ui0-66-NH, 5.52 mg/g 10 adsorption [82]
5 Ui0-66-A0 5.20 mg/g 4 adsorption [73]
6 ZIF-90-ABOA 2.80 mg/g 5 adsorption [106]
7 HF-PEI-GDAC  334ugl. 5  adsorption [107]
8 MIL-101-A0 3.30 pg/L 5 adsorption [108]

AR, BT RT3 L3 MOF JREE$
WFRER AR (3 B PR RE KRB # 5. Chu 55
fift 11 GO-Gly F& 7E K 4R ifg 7K vh x5k U( VD) AT LA ik %)
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100% Y FER , 3 3 1 8 R 4 35 - W BFH AL B ) 7 7K
P40 R R A Lin 25 R IE A9 Ui0-66 5
MOF-808 B 34 ELA7 fi 5 i UV B 1 e, 78 1 7K
PR 5 TR T K

4 HiEHEZ

25 LTIk, 45T MOF B ifg 7K 4 4l B2 R 45 4R i
B RBREAR A B PERE AR S A BT TS YR
i 2 25 K 8 BHF N B B 2 il il 4% T IB AT 1B
¥ 5 i VA Tl T 5 AT 0 5 R i A G B L AT 1) 2
TSR MOF AL, J5 T 56 M B 38R 43 LR
SEERT i AR K B . SR, SO T RS RO 452
MOF J5EAE T 7K 2 b 1 B4 I3 R T 5 36 2 JAS
i A FF AR DG B s g6 . PRI, SR S AR 3 — 40 s,
A KA BT R R TR EIT R

X5 T A W B v /K B Al ) MO B, S48 L
FERALLIRE 7K v e 20 L O S O I A i A L (HL
TR IRE TSI, B A S MOF
FEE S 1T 7K Bl Tl Ak 7 FH 8 B 7 A G SCHR R 3
R, T B IR K ARV K K MOF JIE UCVI) W J 2 1
S () B i v R ) B T et F T 4 2l L AR TR K
PRl 7 T A Tk R

X T3 RS 43 K Sl A MOF i, 8 4% H:
TE R ARG K H o UV H 25 1009% 1953 25 1 RE
e ERS O P AR5 SO IR LA T J 1 A MERS - 1
S R RS04 b A 1 K SR Al FLAR (10~11 A) A
B SR HLVR , MOF TR B A i R A5 0T 2 251
TR AT, 300k AR E P LA o B 2
FUR B, R 24 K ARSI MmN S R
FHoE G Y, WS B PR, X TFRTR
T 3 K B A Y MO L, A 5K 35 - i 45
o e M CHLBRCER BE K BT RE T R 0 i A
MOF 5, PATTAE T3 Tl A H -

2k MOF BEAE 16 7K 44 il o ni FH i) A 9 AT
MU =7 H - (1) B i H K 3240 MOF
BERELAES 56 MOF oh o 3 WIWF S8R 52, 57 58 MOF
XoF Al Bt 2 —F A7 A 3R W AR, R R B R K Bl
AL T R AR 3 MOF BRI & . (2) 36T R
S A HLEEXT MOF R FLAR ZER 4, 45 & 2K
(1) MOF A1 BHFR A B o SR I, A< A KA1 S I B A
RSFi - HLEAR S &, & 76 i 75 T KALAE MOF i
R T RE S, 45 A e W B 5 R ST A L
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