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Abstract [Background] The uranium reserves in seawater are approximately 4.5 billion tons, but extracting 1 kg

of uranium from seawater requires processing about 300 million liters of seawater. Therefore, how to prepare

e [ Y K SR Al AR G137 I B B 37 R S RHIFIS H (No.CNNC-CXLM-202218). 1R 44 H SRR 55 405 H (N0.20251370185) £ FH T R 45 61

BRI E (N0.202330046368) % B

HEE: BRE, B, 2000494, 2025 FENL T RIAERSE, BN LT Az, BF 0 AT A K B A B A ek
JBEMEE: T/E8, E-mail: dingdexinusc@163.com

WekE H I 2025-05-12, &I H: 2025-07-01

Supported by Scientific Research Project of Innovation and Development Fund of China Seawater Uranium Extraction Technology Innovation
Alliance (No.CNNC-CXLM-202218), Hunan Provincial Natural Science Foundation Project (No.2025JJ70185), Hengyang Science and Technology

Innovation Plan Project (N0.202330046368)

First author: ZENG Tianze, male, born in 2000, graduated from University of South China in 2025, master student, focusing on adsorption materials

for uranium extraction from seawater

Corresponding anthor: DING Dexin, E-mail: dingdexinusc@163.com
Received date: 2025-05-12, revised date: 2025-07-01

XXXXXX-1



(720K SN XXXXXX

adsorption materials that can maintain high adsorption capacity, long-term stability, and specific selectivity for
uranium in the complex seawater environment is an urgent problem to be solved in the field of uranium extraction
from seawater. [Purpose]| This study aims to prepare a phosphorus-functionalized Cycas Leaves Fiber-PO, (P-CLF)
with high adsorption performance for uranium in seawater using CLF as raw material. [Methods] The CLF was
chemically modified with phosphate to prepare the P-CLF, and the effects of initial pH, temperature, contact time,
initial concentration, and adsorbent dosage on the adsorption of uranium from seawater by P-CLF were
experimentally investigated. Meanwhile P-CLF was characterized in experiments by Fourier Transform Infrared
Spectrometer (FTIR), Scanning Electron Microscope and Energy Dispersive Spectrometer (SEM-EDS), and X-ray
Photoelectron Spectroscopy (XPS). [Results] The experimental results show that the optimal pH for P-CLF to adsorb
uranium is 5, and the equilibrium adsorption capacity at this pH could reach 1 218.05 mg g™, which is one of the best
fiber-based adsorbents known so far. After five adsorption-desorption cycles, the adsorption efficiency and desorption
efficiency remain at 90.29% and 87.37%, respectively. When eight high-concentration interfering ions are added, the
adsorption efficiency of P-CLF for a 5 mg-L™" uranium solution could reach over 99%. Moreover, the adsorption
efficiency for simulated seawater with an initial uranium concentration of 5 mg-L™" is as high as 97.9%. The results
show that a large number of phosphoric acid groups with strong coordination ability are successfully introduced onto
the surface of P-CLF. The phosphoric acid groups coordinate with uranyl ions through the P=O bond to form
complexes that are adsorbed on the surface of P-CLF. [Conclusions] Results of this study demonstrate that P-CLF
has good recyclability and exhibits excellent uranium adsorption performance in high-salt, high-pH, and high-
concentration ion interference environments, showing practical application potential in the field of uranium extraction
from seawater.

Key words Cycas Leaves fiber, Chemical modification, Extracting uranium from seawater, Phosphoric acid-based

functionalization, Adsorbent
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Fig.2 SEM scanning electron microscope images of CLF (a) and P-CLF (b), EDS spectra and
elemental contents of CLF (c) and P-CLF (d)
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Fig.4 Effect of pH on adsorption of U(VI) by P-CLF
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W B4 B AR s, 25 SR ] 7 (o) iz o B A L P 1)
Tt 11, P-CLF X8l (14 W B 25 ot 328 T 38 K, TR B 25
M 902.06 mg-g™ # in % 953.15 mg-g™'s XK AT

x=1 WM HFESH

Table 1 Kinetic parameters for the adsorption

VIR WE— 245 714 Pseudo-first-order kinetic WE 245 714 Pseudo-second-order kinetic
Initial concentration / mg-L™ K, q./mgg’ K, q./mgg’ R

50 0.0112 25.689 2 0.903 6 0.001 83 229.35 0.999 9
100 0.009 55 93.444 1 0.965 4 0.000 44 456.62 0.999 6
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Fig.5 Effect of contact time on adsorption properties
e I E REAG G R 23 IS By, (3R Bl ) ST AL S5
R, T )T FR PR B

FEAS [R5 B2 S5 AW B i 1) BR it b, AR BT R 38
T T WP R I AP AS R AGY, 25 4K 2 B
AN HIFR 2 TR, AH>0, 3 B P-CLF W B il /2 1 £
AR AS>0, 7 W] P-CLF W PR o 2 mp VR L 52 18
J& i G I R s AG'<0, R B P-CLF Xof 4 F IR B ot 42 &
HAREATH) . BEEIREZRTTE, AG BN IR T
TR AT T B R R B
2.2.5 W BRFRIVAS o0 2 XoF 52 44 B s i)

R R 7] B 1 A B PP R 2 B 1k 5

=2 P-CLFIRMHARRNFESH

Table 2 Thermodynamic parameters for U(VI) adsorption

T/K AH'/kJ'mol"  AS"/Jmol" K AG’/kJ-mol™
288.15 19.9857 101.363 4 -9.1802
298.15 -10.329
308.15 -10.513 4
318.15 -11.082 7

oS PR A I E A e T B T A
ST AN P R S S 2 T e O R T R
FURI 2 o PR 8 S Wt 1 W% it 20k 2 A0 ok 7 2 ol WO
FT & (AL, B2 P-CLF Jsin&: A48 b, 4 i i
B 2R B 2 0, 24 P-CLF ¥ in &5 0.035 g i}, P-
CLF X I W B R R B2 30T 100% » 1T I BFF 25 22 01 ot
W BRI I I — B AT R R A X% B TR
TV ) 488 A5 43 PR e Rt 4D R B 3 A A8
R T VR R 5 AT 8 R B 2850 2 2 T K
2.2.6  WIURHR L 50 S B AR 2R

W o 4 28 T L, g R o et Rk 1) 1A 4 e P
Mk B S W B IR R . B9 AWIMRAIRE S
P-CLF W P 75 S R o0 AR it 2 o W B 790 7 R i 75 i Bl
5 AR FEE TR 1S RO 1Y K IR B T 27, IX 2 B
T % 550 P 2 T A A a5 I AR 1A 498 K T R
A, S0 o BRI, 2B A ) AT B S = 2R

22 1.2
2o @ #50mgL” (b)
. 5! 1.OF
18k 100 mg-L.
16 0.8
Sildp -
T Z s
<12t =
:f 1.OF 0.4k
08
06 03
04 ok
02 L L s : . . . s . ' . .
0 50 100 150 200 250 0 50 100 150 200 250
Time/ min Time / min
Bl6 E—2a) /1A (a), HE ) )12 (b)
Fig.6 Pseudo-first-order (a) and Pseudo-second-order (b) kinetics of U(VI) absorption onto P-CLF
1 000
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F‘H
2 900p a6r
:: 44t
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g
£ 40f
= 700}
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2 38k
“
600
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Temperature / K

318.15

0.0031 0.0032 0.0033 0.0034 0.0035
T

7 R RIS () R ) 24(b) (C,=200 mg L™ ,m=0.01 g, V=50 mL,pH=5)
Fig.7 Effect of temperature (a) and adsorption thermodynamics (b)
(C=200 mg-L", m=0.01 g, V=50 mL, pH=5)
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1000 T2 B A A Langmuir 55 I B A AL (R=0.996 9) , X}
100 | N \ y
- P2 T ol B R S T B 3 R BT PR B B TR A HLBR 1
< 90t 1800 2 SN - \
= s g B KL AT B 25 5 1 231.25 mg-g ™', 55 45 3
5 8of i £ :
£ 4600 £ 1L -
& 70 S
S T g 1400
£ 60 {400 £
2 = T 200k
ﬁ z5l {00 -§ : 1 200 -
< £
40 L I I I 1 L L L 1290 :‘ 1000
0 5 10 15 20 25 30 35 40 45 g
m/mg g so0p
o
8 IR B RIS I 0 Al B R 20 (C=200 mg L, £ o0l
m=0.01 g, V=50 mL, 7=398.15 K, pH=5) £
Fig.8 Effect of adsorbent addition amount on uranium Z 400t
adsorption (C,=200 mg-L", m=0.01 g, V=50 mL, 5
T=398.15 K, pH=5) 2001
0 100 200 300 400 500
1218.05mg-g"s Co/my
W J R 1 6 B A s S 7 S5 I B AR AR, 25 9 )l A FEE o B R S
BANE10 553 s, o7 LLE H W% B30 1 B 5t Fig.9 Effect of initial coIr)lrcoeIr;;rjité(s)n of U(VI) on adsorption
34F
ponal @ (b)
2t
a aw
0.003 F 30f
S g
= - 28t
0.002 u
26}
o001 * I
0 | 7 3 4 10 05 00 05 10 15 20 25
1C, lgCe

& 10 Langmuir (a)f1 Freundlich (b) [t 455 £k
Fig.10 Langmuir (a) and Freundlich (b) adsorption isotherm of U(VI) onto P-CLF

#3 WHZEERBAER f) G b, A B0 K 0.1 mol- L' Na,CO, I AF

Table 3 Adsorption isothermal model fitting results SRR A3 P-CLF HE4T 2 25 1R 5236, HL A4 1 i

P TN F- N NS 2K |

Langmuir Z5/2% Freundlich %t P L (RS (F 4D, 25 5 UABHR WL I 1

Langmuir isotherm model Freundlich isotherm model U2 22 (90.20% ) 15 G A S (87.37%) 415 T 5455 £
G/ mg.g—l K,/ L.g—l R K./ mgl—n,Ln,g—l n R VAKX . 0 i )(‘ == . 0 N

123125 0.8879 09969  407.48 0.2816 0.712 6 85% LA L, 3 W% WK 0 A A 1L A 1 108 34 A

PERE

2.3 EIMERMEE
PRF G L P fi 2 YA e s P R 25 1

R4 AR RRIRAEIRR I HRE
Table 4 Adsorption and desorption cycle test data

{EEZRY€ W B s SR ES L EVES

Number of cycles / Times Adsorption capacity / mg-g”"  Adsorption efficiency / % Desorption efficiency / %
1 246.30 98.52 97.75

2 241.25 96.50 95.31

3 237.77 95.09 90.86

4 230.27 92.11 88.67

5 225.73 90.29 87.37
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W ORPEA : RTRIE Th BE L BR RS H- 21 2 M B 750 1 ) o S R /K S il 1 g

24 HEBFERZFRMERE

N TR T AT B X A 3k 43 B A R
Wi, 769N 5 mg- L (R AHIA R R NN 8 B i iR B 4
JEFAE 1, Hod, VNI CuZn MR 2 /0 i T LS
KA 100 15 (K 5) . S50 mL _F3RVE AW I
10 mg P-CLF #E47 W i 5256, FA5 0 P-CLF X 4 PA
F A7 B TR B 5%, RIS &5 R an i 11 . P-
CLF £ 2 P =y R BE 56 5+ B T I T30 R th
(R B RE 05 5 5 mg L b I 15 8 VPR B 285 26 T

%99% LA F o CLF-P %} Cu Fl VIt I H — 52 1
ERRRR, FEARE S LR LA R RA K DM EIEE
IH Re A 1) 45 & e 77« B IR 4 (41 B A B0k i c A7 R
71, Refs 5 = LA 2 2R B T (W Cu™ W VPO TE R
Fe & RTPRIHAE 1. DB TS5 ERM
VLR RN : Cu*' 5 VIR & 5 7242 5 e 1 5
BT, AT REAE S R R o R R E . 3)
i FEL R B FH < 7E 9256 pH 2514 T MR R THI o] g
A G, A AT B R IE H ) Cu, i VO R
Ik RTH 4% A Bl B 4 7 U BT

x5 WBERPHESTRE

Table S Concentration of co-existing ions in U(VI) solution

FH 251 Types of cation / Times Na Ca

Mg K \% Ni Cu Zn

R IR Concentration / mg-L™

10800 413

1290 400 5 5 30 10

100 |

80

60

40

Adsorption Efficiency / %

20

0
U Na Cu

K Me Ni oV

Zn Ca

11 JEAF 1 (R B M st 2 2R

Fig.11 Selective adsorption test results of coexisting ions
2.5 WRFHERLEIK AR

TR 6 I AL oy FD s Y K R R 7R o TR A
JEER A LA R AP I —E&1gL"
(I EHEARAETA, SE R E 1 Lo A HARF T 208 AT
) Na,CO, F HCLIE W, 14 15 ¥ pH 1 %2 8.15, 15 21| 2
WHIRE A S mg L™ O IIbRBE K o

=6 EHLEKES

Table 6 Simulated seawater formula

%43 Component W INJF  Add mass / g
NaCl 23.48

Na,SO, 3.92

KBr 0.096

NaF 0.002 9

MgCl,-6H,0 10.61

CaCl, 111

StCL,-6H,0 0.04

H 3 44 50 mL BL00 7K T 100 mL 250 H, A
A 10 mg P-CLF, 7£ #5 J& 298.15 K, % ## 200 r-min™
264 T TEIR ARG % A AT W B S5, 1 S il 38

SR T EWM R SRR, E R DL pH IR
58K, P-CLF W B DRI A6 4 B2 5 mg- L' A 5S40
K ) B 3% = IR 97.9%, W B 2R & T R
23.53 mg-g™'. UL EH W B A = R LA R pH B PR
TATSA R FRORH Bl 0 W B R T, AE R SR K S i 4
WA SRR 7.

2.6 P-CLF IRHihAIHN IR

2.6.1 SEM-EDS /Mt

X FH SEM-EDS 73 7 W B 751 Wz B b 51 /5 040 ok R
GERY S RS AL, B 12 Ca) A W Bt 4l RiT G P-
CLF, HAR BT, i W i b Js (B 12Cb)) 5 I B
FZRTH I VE 2 BRI . ] A A2 W B 72 i 5
N TR B8 R 56 (41 45 Al 1Bk 8 R AR AT % 1 oA B
a1

Ht—20 RH ReIE 7 M4 A 1 P-CLF Wt i
Ja R TR 7340, g R 12 (¢, D fraw , P-CLF
W Bt s, C O PR IS LA LB A BT R R, B
RETE B T e R, L N 16.95%. DL E4ERE
Y, P-CLF A %03k I h sl
2.6.2 FTIR/MHT

BT A FTIR 23 M7 1 P-CLF W B 4l 17 Ji5 10 28
. B 13 7R P-CLF-U 7E 910 cm™ b H BLHT (1A W 1A
W, V=18 T U-O I 4 iR 06 o W B il 5 P-OH g
KA, XAl R T P-OH 8 5ah4s &, k4
AL . AL, P=0 I 5 P-OH U 58 FE B A
5T XA TR 3L ] 5 B T 8 A7 AE R 2 R AR
HAEH™.
2.6.3 XPS/r#r

K FH X 285 B 7 RE 1S (XPS) % P-CLF W B 4
AT JE R T G R F RS AT 7 8. i 14(2)
FIT 7, TE W B 4 J5 B P-CLF XPS 4= 1 B o ] B 200
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20C
18 (©) = :
2 16 Belore adsorption
e 14
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B 10 c 73.63 7823
a8 8 .
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v
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- R oh -
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20040213 | HY-911-GUOXINGKIN-6 | Aze 1] Live Map 1 RCI2
270 () ,
w240 After adsorption
Py %ég Elements Wt% at%
=
E 150 C 18.83 54.80
g 120 N 2.03 5.06
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Z 60y 0 14.00 30.57
3300 o u 65.14 9.57

Transmittance / %
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4000 3300 3000 2500 2000 1500 1000 500
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13 P-CLF W FTIR i (a), P-CLF-U Y FTIR 3 & (b)
Fig.13 FTIR spectra of P-CLF (a) and FTIR spectra
of P-CLF-U (b)
SLE| UM FRAEVE o i — 080t 73 W 40L& RN U4
U AT AT, 45 T4 1 14 (o) Fra , U4£5/2 F U47/2
() UG A7 AH B8 T B AE 1 B AF R 3R U %, X — IR 3K
HH il 55 W B 7R 3 T 2 1R A AR S A A A
™Y, M4 O1s F1P2p [ 73 W 0L A &5 3 (Bl 14 (e,
d)) A1, P-CLF X} v P=0 5 P2p,, 45 E W (F) 45 &
A 7E W B Bl DL S A BT 3SR, 43 i) HH 531.20 eV Al
134 eV FF % 531.53 eV AT 134.8 eV, X FE & T
BITHE 25 (W LT RORE, F 3P I O e ER B AT 1Y) F
T =B R, BUE P AT O 454 eI 25 & BE 77 A1)
%, R P=0 54 &4 T HF R B, 2% ERr
I, P-CLF W Bl i) it 2 3 2 P=0 58l %E &5 1 1
E5 .

3

#5E

AN AP AT AR KRR S DI REAL 4
Rp AV (RS I 2T Dy SRR 3 3 B0 T A o R AR T

1.3 A2,6 39 52 65 78 91 104 117 130

Dt Octane Elect Super €5

12  P-CLF f¥) SEM 14 F1 % €] (a) , P-CLF-U f¥] SEM f1 4 H 5% € (b) , P-CLF [¥) EDS B FI e 3 & AL 1 (c)
P-CLF-U [ EDS [ #1703 & 842 1K (d)
Fig.12 SEM scanning electron microscope image of P-CLF (a), SEM scanning electron microscope image of P-CLF-U (b), EDS
profile and element content changes of P-CLF (c), EDS profile and element content changes of P-CLF-U (d)

SR HEAT AR OO A T I T B A
B2 fi A e 0 A M FH 14 B8 1) P-CLF, JF I & 17 14U
KT RN ASEES, 15 H T UL R 45k
1)P-CLF TEA0EE B ¥ 1A 0146 pH A S B I b
R, HIR M AL B 25 215 1 218.05 mg g™,
B REAR A AR R Bl R B A
2)P-CLF 1£ 2 P =y W B 56 4 B - B4 R %l
A5 A 7 O R B 6 70, X6 5 mg- L Al B 25 VA VR
W B 238 99% .

3)P-CLF B A5 R U fe et , el aa ik 5
50 mg- L™ B I A 28 3 o R R B RO A R 1 A
WS B 2950 28 it W R 28 00 IR o 2 R AT 40 ) 4 4 A
90.29%-87.37% #1225.73 mg-g '

4)FTIR. SEM-EDS Al XPS £ 1if 45 R % B , P-
CLF 3R 20 51 N K& B A S AL AL RE 77 i s ik 2% [4]
J& IR 5 A ik P=0 (8 &1 H SHmEE T4 &
T I I2 A0 T B 6 TR B 7)) 2 T8

5)P-CLF {EWI UGBV A 5 mg L™ AL 7K
HH ) A W B 2R K 97.9%, W Bt 7¥ B IA 23.53 mgrg .
2 BHAZ W B U AE I K B Al A LA S o N FH T
fEEREAER Y REAFTER S5 E; KiFRE
W X F8 T BB 58 8 TR 4 T B L e B 96 L AT
BRAE U F LA FTERIE AT T EERMETIR,
SEHL

HE Ay, T% . B A 60 AR 1 % B TR g K 42
A I R B AL [D]. %R, 2025, 48(8): 080603. DOIL:
10.11889/.0253-3219.2025.hjs.48.240268. CSTR: 32193.
14.hjs.CN31-1342/TL.2025.48.240268.
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Fig.14 Full XPS spectra before and after U(VI) adsorption (a), XPS peak fitting of U4f before and after adsorption (b), XPS peak

fitting of O1s before and after adsorption (c), XPS peak fitting of P2p before and after adsorption (d)
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