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Table 1 Main sources of uranium-containing wastewater
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Fig.1 Morphology of uranium at different pH
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Fig.2 Mechanism of uranium removal by phosphorus-containing mesoporous materials
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Fig.3 Mechanism of uranium removal by PMTL microspheres
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Table 2 Adsorption materials for low concentration uranium-containing wastewater
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Table 3 Advantages and disadvantages of traditional uranium-containing wastewater treatment technology

AbBRE AR s B
(B UL TRS BOARSERGRL, hA OR ATERE , WA A B, A 5 5t
AEHGE REFEM, Do etk Lr AR B B, D B — TG
2 ULvE T TERE LR, B PR RUTTE TS e xE LAAL B
RIHARE T ds e FIAR AR RTERCRAR , N TR TARERE M
[ 37 AR SR PR S A A R, 1A DR e
Ak P LR AR 5.5 BT e A IE | AN 5
CiRlae N EpEpEoR Al PRACR 4 i EH AR HLAE
JefEtkk AR i S SUR NS Jo i Tl AR
HYEE % JRASARC R o PRI A9 T PR/ BRI, A,

40



A H A SRR OK B 18 5 SO AR BRI T ik

ERANE U (VL) B0 ) 2 245 BHERT , 4K 1 78 55 bR
TR IS R e AFTE PR
B T BHOK P B W B &, F RS L 52

P S A A A8, AR oA Ak BRI K B B R T

LB ZEEREOR (28R S 2 ST A LK

GAER, TR AR A i AR 8Ok . S flt NS i

AR S IR BN S L, TG T AR AR e K

AbPREEAR A WAT AT R BB A 1 5] 1 300 75 1

P ST 58 0 A, b Al B K B HE . A

SCRES T AR TAEEARE BB FE T 15
1) N ARG J5 1 AN W BB 5 e, SR IR Fh

BARMERE
2) FFAR i 45 fa L ReE ME R 4F L B T e A

I FH 4 5 A e € B DR T 2 K Jim S Al e ) Tl AR

IR R HE R, DA TR x5 il K 3 K-

I Dt IR K Ak B ) B I e A i e — Ik

TG YL A R
3) VAR FOARTE T BR A2 Aok AR b i3 FHE
4) X T K i B B T PEAT IR AR A

58, IR SO

[ &% 3k ]

(1] xhE, Hhen, Rouk, & i 590K MIA S
AR ES R B KB PR TR T]. A ik,
2020,34(1) ;24 -29.

(2] #hTwE, Rk, EEREKGE T ENRN ] A
545 ,2019,33(3) :8 - 10.

[37 TRt Al it 2 e 4 | 45, SRR R A el M I e %
il 1%y R R 2SR B AL [0 ). A2 5 bR 4, 2023,
40(12) :6740 — 6755.

[4] B, ML, KT, % Atk bxrah T mis ik
P PERERTFE )], PR TR, 2014, 32(1): 1-5.

[5] Naftz D, Fuller C, Davis J, et al. Field demonstration of
permeable reactive barriers to control uranium contamina-
tion in ground water[ J]. Chemical Oxidation and Reactive
Barriers : Remediation of Chlorinated and Recalcitrant Com-
pounds, 2000. 281 —289.

[6] Z=Hutly, wifa, S0k, 4. A T iif T K dh
UTESFERTS[J]. A G488 TR, 2019, 9(12);
112 - 118.

[7] Rossiter H M, Graham M C, Schifer A 1. Impact of speci-

[

ation on behaviour of uranium in a solar powered membrane

system for treatment of brackish groundwater[ J]. Separa-

tion and Purification Technology, 2010, 71(1) : 89 - 96.
[8] Organization W H, Who. Guidelines for drinking-water

quality[ M]. 1. World Health Organization, 2004.

[9] Yin Ye, Jian Jin, Fan Chen, et al. Removal and recovery
of aqueous U ( VI) by heterogeneous photocatalysis: Pro-
gress and challenges [ J]. Chemical Engineering Journal,
2022, 450, 138317.

[10] sKaR AT, JE ek, 24, 5. B8 =i & R IR
BEST B K R B PERE A HLHI ()], Wi 4 s , 2024,
48(2) :196 —213.

[11] Ding D X, Tan X, Hu N, et al. Removal and recovery of
uranium ( VI) from aqueous solutions by immobilized As-
pergillus niger powder beads[ J]. Bioprocess and biosys-
tems engineering, 2012, 35. 1567 —1576.

[12] Todorov P T, Ilieva E N. Contamination with uranium
from natural and antropological sources [ J]. Romanian
Journal of Physics, 2006, 51(1/2) . 27.

[13] Schnug E, Haneklaus N. Uranium in phosphate fertiliz-
ers-review and outlook [ C ] // Uranium-Past and Future
Challenges : Proceedings of the 7th International Confer-
ence on Uranium Mining and Hydrogeology: Springer,
2014 123 - 130.

[14] &7, BOF, KOG, . WL AL BRRH BE 5 shk
KEBEFEHERE[T]. T E TR R, 2014, 16(7) -
73 -78.

[15] SR, A i, sk a0, %%, CTAB itk 42 I +
F18 T R SR A 7K R AL i il (VL) 9 82 B2 B A 52
[J].1@¥ER 42,2023 ,42(5) :522 - 531.

[16 ] Dewar D. Uranium mining: environmental and human
health effects [ J |. Nuclear Non-Proliferation in Interna-
tional Law-Volume IV: Human Perspectives on the Devel-
opment and Use of Nuclear Energy, 2019, 229 —235.

[17] B/NGE YRR, ML 5. 48 K AL BREOR B 58 i
JELT]. hEA EIR4,2023,52(4) 112 - 127,

[18] BH%E. B EE EDTA - Co( D) BE/K A0 R T L3R R A 5%
[J]. A% ,2020,34(4) .12 - 15.

[19] Wang Z, Hu H, Huang L, et al. Graphene aerogel capsu-
lated precipitants for high efficiency and rapid elimination
of uranium from water[ J |. Chemical Engineering Journal,
2020, 396 125272.

[20] Zhang X, Liu R, Wang H, et al. Fabrication of phos-
phate-containing mesoporous carbon for fast and efficient
uranium ( VI) extraction[ J]. Colloids and Surfaces A
Physicochemical and Engineering Aspects, 2023, 662.
130994.

[21] Lee H K, Chang S, Park W, et al. Effective treatment of
uranium-contaminated soil-washing effluent using precipi-

tation/flocculation process for water reuse and solid waste

41



HEIEE 2024 AR5 4 W

disposal [ J ].
2022, 48 102890.

[22] E &g, UG, 28], 4. MVR AbEE AP = Rl m
INZE R KB ARBIFE[T]. Bw™ IR, 2023, 42(2) .
89 -96, 100.

(23] mH BN, ¥RV, kG55, 55 Wl LA 2 7 Sc 4 T2
SRR SEL T] . A B4 ,2023,37(2) :65 - 69.

[24] Rahmati A, Ghaemi A, Samadfam M. Kinetic and ther-

Journal of Water Process Engineering,

modynamic studies of uranium ( VI) adsorption using Am-
berlite IRA-910 resin [ J]. Annals of Nuclear Energy,
2012, 39(1) . 42 —48.

[25] LiJ, Liu W, Zhang Z, et al. Adsorption of uranium on a-
mino functionalized acrylonitrile anion exchange resin[ J].
Journal of Radioanalytical and Nuclear Chemistry, 2022,
331(12) . 5771 =5779.

[26] Gong H, Lin X, Xie Y, et al. A novel self-crosslinked
gel microspheres of Premna microphylla turcz leaves for
the absorption of uranium[ J]. Journal of Hazardous Mate-
rials, 2021, 404 . 124151.

[27] Li X, Liu Z, Huang M. Purification of uranium-contai-
ning wastewater by adsorption: a review of research on
resin materials[ J]. Journal of Radioanalytical and Nucle-
ar Chemistry, 2022, 331(7) . 3043 -3075.

[28] Pabby A K, Rizvi S S, Requena A M S. Handbook of
membrane separations; chemical, pharmaceutical, food,
and biotechnological applications[ M]. CRC press, 2008.

[29] Villalobos-Rodriguez R, Montero-Cabrera M, Esparza-
Ponce H, et al. Uranium removal from water using cellu-
lose triacetate membranes added with activated carbon
[J]. Applied Radiation and Isotopes, 2012, 70 (5):
872 - 881.

[30] A RE. U083 2 HOAR b AL Bl A S e PR VR 1Y
WL D], MR I/RIE LR RS2 ,2023.

[31] Torkabad M G, Keshtkar A, Safdari S J. Comparison of
polyethersulfone and polyamide nanofiltration membranes
for uranium removal from aqueous solution[ J|. Progress
in Nuclear Energy, 2017, 94. 93 —100.

[32] 5KJ5. WEMe D REAL B TR A A G R S XS U (VI il Th
(IV) AR D], 2200 22 R, 2024,

[33] WM. KEREmR IR — W 9 A% Bk DA KE Ak B4R 8 7 i
Ml LR S T2 [ D). M B KRB TR,
2023.

[34] FHZ WAL, BT, 5. Rl s A = s a4
M TR E )], A @ B#,2021,35(6) .55 - 58.

[35] Liu C, Hsu P C, Xie J, et al. A half-wave rectified alterna-

ting current electrochemical method for uranium extraction

42

from seawater[ J]. Nature Energy, 2017, 2(4): 1 -8.

[36] Chi F, Zhang S, Wen J, et al. Highly efficient recovery
of uranium from seawater using an electrochemical ap-
proach [ J]. Industrial & Engineering Chemistry Re-
search, 2018, 57(23) . 8078 —8084.

[37] Jiao R, Chen Z, Zeng S, et al. Electrosorption of urani-
um ( VI) by sulfonic aciddecorated feooh nanorods[J].
Journal of Environmental Chemical Engineering, 2023,
11(6) : 111275.

[38] Tang W, Li D, Zhang X, et al. A modified freezing-cas-
ted conductive hierarchical porous polymer composite elec-
trode for electrochemical extraction of uranium from water
[J]. Separation and Purification Technology, 2023, 319
124087.

[39] Huang J, Liu Z, Huang D, et al. Efficient removal of u-
ranium ( VI) with a phytic acid-doped polypyrrole/carbon
felt electrode using double potential step technique[ J].
Journal of Hazardous Materials, 2022, 433 . 128775.

[40] LVSY, Li M, Wu X Y, et al. A non-polluting method

for rapidly purifying uranium-containing wastewater and

efficiently recovering uranium through electrochemical
mineralization and oxidative roasting[ J]. Journal of Haz-

ardous Materials, 2021, 416, 125885.

FERRK, AR, SRR, . Uil S AL BRI K

RBFREBEELT]. BT, 2020, 40(2) : 62 - 66.

[42] Feng J, Yang Z, He S, et al. Photocatalytic reduction of
Uranium ( VI) under visible light with Sn-doped In2S3
microspheres[ J]. Chemosphere, 2018, 212, 114 —123.

[43] #FAK. U(V)7E MoS, E A M kL L 1 e i £k AL 3
[D]. dbst.AedbJrkey, 2023.

[44] Wang R, Dong H, Li X, et al. Biomass encapsulated

[41

[

ZIF-8-derived ZnO carbon aerogels for efficient uranium
extraction by synergistic adsorption-photoreduction [ J ].
Chemical Engineering Journal, 2023, 478 . 147331.

[45] Liu W, Yang Z, Zou B, et al. The photocatalytic applica-
tion of Gd( OH),/Cd, 3Zn, ,S nanocomposites in U ( VI)
reduction[ J]. Chemical Engineering Journal , 2023 , 466 .
143117.

[46] Li Z ], Huang Z W, Guo W L, et al. Enhanced photocat-
alytic removal of uranium ( VI) from aqueous solution by
magnetic TiO,/Fe,0, and its graphene composite [ J].
Environmental science & technology, 2017, 51 (10):
5666 - 5674.

[47] M. B. Lavanya, D.S. Viswanath and P. V. Sivapullaiah.
Phytoremediation; An eco-friendly approach for remedia-

tion of heavy metal-contaminated soils-A comprehensive



A H A SRR OK B 18 5 SO AR BRI T ik

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

review [ J]. Environmental Nanotechnology, Monitoring &
Management, 2024, 100975.

Hassan S S M, Abdel Rahman E M, El-Subruiti G M, et
al. Removal of Uranium-238, Thorium-232, and Potassi-
um-40 from wastewater via adsorption on multiwalled car-
bon nanotubes[ J]. ACS omega, 2022, 7(14); 12342 —
12353.

Zeinab F. Akl, Elsayed
Green hydrogel-biochar composite for enhanced adsorption

ACS Omega, 2021, 6(50): 34193 —

G. Zaki, Shiman M. Elsaeed.
of uranium[ J].
34205.

Brown S, Chatterjee S, Li M, et al. Uranium adsorbent
fibers prepared by atom-transfer radical polymerization
from chlorinated polypropylene and polyethylene trunk fi-
bers[ J].
2016, 55(15) : 4130 —4138.

Li Y, Wang L, Li B, et al. Pore-free matrix with cooper-

Industrial & Engineering Chemistry Research,

ative chelating of hyperbranched ligands for high-perform-
ance separation of uranium[ J]. ACS Applied Materials &
Interfaces, 2016, 8(42) . 28853 —28861.

Algadami A A, Naushad M, Alothman Z A, et al. Novel
metal-organic framework (MOF') based composite material
for the sequestration of U ( VI) and Th (IV) metal ions
from aqueous environment[ J]. ACS Applied Materials &
Interfaces, 2017, 9(41) : 36026 —36037.

Bian L, Nie J, Jiang X, et al. Selective removal of uranyl
from aqueous solutions containing a mix of toxic metal ions
using core-shell MFe,0,-TiO, nanoparticles of montmoril-
lonite edge sites[ J]. ACS Sustainable Chemistry & Engi-
neering, 2018, 6(12) . 16267 - 16278.

Song S, Zhang S, Huang S, et al. A novel multi-shelled
Fe;0,@ MnO, hollow microspheres for immobilizing U
(VI) and Eu (1) [J].
2019, 355 697 —709.
Wang Z, Zhao D, Wu C, et al.

Chemical Engineering Journal ,

Magnetic metal organic
frameworks/ graphene oxide adsorbent for the removal of U
(VI) from aqueous solution[ J]. Applied Radiation and I-
sotopes, 2020, 162 109160.

Wang J S, Peng R T, Yang J H, et al. Preparation of
ethylenediamine-modified magnetic chitosan complex for

adsorption of uranyl ions [ J]. Carbohydrate Polymers,

[57]

[58]

[59]

[60]

[61]

[62]

[63] Tk%&iz, W2

[64]

[65]

[66]

[67]

[68]

2011, 84(3): 1169 - 1175.
Wang X, Zhu G, Guo F. Removal of uranium ( VI) ion
from aqueous solution by SBA—15[J]. Annals of Nuclear
Energy, 2013, 56. 151 —157.

Deng S, Yu C, Niu J, et al. Microwave assisted synthesis
of phosphorylated PAN fiber for highly efficient and en-
hanced extraction of U ( VI) ions from water[ J]. Chemi-
cal Engineering Journal, 2020, 392, 123815.

Zhao M, Tesfay Reda A, Zhang D. Reduced graphene ox-
ide/ZIF — 67 aerogel composite material for uranium ad-
sorption in aqueous solutions [ J ]. ACS omega, 2020,
5(14) . 8012 -8022.

Wang 7Z, Wang J, Zhu L, et al. Scalable Fe@ FeO core-
shell nanoparticle-embedded porous wood for high-effi-
ciency uranium ( VI) adsorption [ J]. Applied Surface
Science, 2020, 508 . 144709.
Lee HI, Kim J H, Kim J M,

dered nanoporous silica for removal of uranium ions from

et al. Application of or-
aqueous solutions[ J]. Journal of Nanoscience and Nano-
technology, 2010, 10(1) . 217 -221.

XRER B AR B R A — i NSRRI 25 R Al
B9 T. 75 . CN202011288705. X[ P].2023 — 11 —24.

W, B WL, A — T 25 Rl B0 7 1

CN202211130444.8[ P].2022 - 12 -23.

BENG. oS bek = R AR 7o A G MU e
X E R LB G HLERTAR ()] hEA GRS

2023,52(2) .126 - 137.

AR IR, EIT A O EAOR F N R 22 BRI K
UCVD) i PERE R ALHI[ )], W80 4:,2023,42(5) .
513 -521.

M, WRIRK, B R A5 RO I - % B A 215
(VD) KRB SE[ 1], #3516 4 ,2018,37(2) 1128 -
134.

TR AT, A%, 55 CaTio, RBRIER S U( VD) 1
PERERTOR[T]. B 4 )8 (IR R 4)) ,2021(8) 1134 -
138.

FRIR, BN, IRARA, SF. AR EER 13K CaTio, B
AR REBRERCE UVD IPERESHLEI[T]. Ratt
BleEdl, 2024, 41(3) ;1327 - 1337.

(T#% 64 W)

43



HEIEE 2024 AR5 4 W

are increased, the melting temperature and crystallinity are lower in direct burial and drain laying, and
the melting temperature and crystallinity are higher in cable trench laying. The dielectric constant and
dielectric loss have increased, and the frequency breakdown field strength has decreased. Among them,
the structure and performance of the cable insulation laid in the row pipe has a faster rate of deterioration,
the direct burial laying is the second, and the cable trench laying has the slowest rate of deterioration.
The reason for this difference is that the trench laid cable has the best heat dissipation conditions and the
lowest cable operating temperature with the same applied current, while the duct laid cable has the worst
heat dissipation conditions and the highest cable operating temperature.

Key words: XLPE; thermal aging; laying method; microstructure; direct burial laying; duct laying;

cable trench laying o\

(L#% 43 W)

Harm of uranium-containing wastewater and research
progress of important processing technology

1 Y
MA Mengyue , YANG Shiyi
(1. State Key Laboratory of Nuclear Resources and Environment, East China University of Technology, Nanchang 330013, China;
2. CGN Cangnan Nuclear Power Co. Ltd. , Wenzhou 325800, China)

Abstract: The rapid development of nuclear energy has generated a large amount of low-concentration
uranium-containing wastewater, and U ( VI) in water will cause harm to human body and ecological
environment. With the emphasis on environmental protection in China, research and development of
green, low-cost, and efficient water treatment technologies for removing U( VI) in water has become a
key direction. This study investigates and evaluates various prevalent U ( VI ) water treatment
technologies, encompassing methods such as chemical precipitation, evaporation concentration, ion
exchange, membrane filtration, extraction processes, electrochemical treatment, photocatalysis,
phytoremediation, and adsorption. Through the detailed analysis and problem elucidation, this research
aims to offer technical and theoretical insights for enhancing U( VI) treatment in water.

Key words: uranium removal; wastewater treatment; precipitation; evaporation; ion exchange;

membrane treatment; combined treatment; phytoremediation o
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