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Abstract: Uranium is an indispensable resource for the nuclear industry, while land-
based uranium mines are limited in content and unevenly distributed. Therefore,
uranium extraction from seawater (UES) holds great potential for sustainable energy
production. Capacitive deionization (CDI) technology, known for its low energy

ook
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consumption, simple process, environmentally friendliness, and high adsorption e 5 -
efficiency, holds significant potential for UES. This paper reviews the development & i § JE"S & ﬁﬁ 5
history, principles, classifications, and applications of CDI technology. In the section on @% %\,, @*‘zf % §

development history, we provide a brief overview of the early development of CDI
technology, emphasizing key milestones in its application to UES and recent :
optimization efforts. In the section on principle and categorization, we contextualize CDI e
technology within UES applications for a comprehensive introduction. Additionally, in

the application section, we concentrate on current applications of CDI technology in UES. Furthermore, this paper
elaborates on the current research status of CDI for UES and its advantages in terms of adsorptivity, selectivity, and
economic benefits. In terms of adsorptivity, CDI technology demonstrates its efficiency in adsorbing uranium ions, achieved
through meticulous optimization of electrode structure and material selection. With regard to selectivity, CDI technology
selectively extracts uranium while mitigating interference from competing ions through adept modulation of electrode
materials and operational parameters, thereby enhancing extraction efficiency. Economically, CDI technology stands out
due to its hallmark features of low energy consumption and cost-effectiveness, facilitating high-efficiency uranium
extraction and providing substantial economic advantages over alternative methods in the UES domain. Lastly, we discuss
the challenge factors (competing ions, salinity, pH, and biofouling) of this technology in the uranium extraction process,
aiming to explore the feasibility and economic benefits of UES by using the CDI technology and providing theoretical
support for further optimization and promotion of CDI applications in UES. Additionally, we aim to address some of the
current challenges of uranium extraction using CDI by incorporating materials informatics and providing an outlook on this
matter. This paper provides practical insights into the development and industrial progress of CDI technology in UES,
aiming to offer valuable references for the subsequent research on CDI seawater uranium extraction to contribute to the
sustainable utilization of seawater resources.
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Fig.1 Schematic diagram of CDI and their electrosorption processes. (a) A CDI cell with two porous electrodes.
(b) The schematic of an MCDI cell. (c) The schematic of a FCDI cell. (d) A CDI cell used to selectively
remove target ions 5. Adapted with permission from Ref. 45, Copyright 2020 Royal Society of Chemistry.
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Fig. 2 Summary of the advantages of CDI for UES.



YIELAL S 224 Acta Phys. -Chim. Sin. 2025, 41 (4), 100032 (6 of 18)

Table 1 Summary of CDI materials with different adsorbabilities derived from simulation experiments.

Electrode Adsorption performance
) Electrosorption mechanism Ref.
material/Type Uptake capacity Removal ratio
3DG EDL formation 113.80 mg-g™' (at 1.8 V) N/A 111
CS/GO EDL formation and complexation 271.2mgg ! (at0.9 V) N/A 112
CS/BC EDL formation, ion exchange and complexation 207.6 mg-g~! (at 0.9 V and pH 4.0) N/A 113
PVA/GO EDL formation and complexation 333.0 mgg ! (at 0.9 V) N/A 114
RGH EDL, extra micro electric field and complexation N/A 97.9% (at 1.2 V and 4 h) 116
HGNbP Electro-adsorption, electro-reduction and 1340 mg-g™! (in 1000 mg-L™! 99.9% (within 30 min in 117
coordination U(VI) solution) 50 mg-L™" U(VI) solution)
Synergistic effect of EDLs and
WOs/C » 4499 mg'g! (at 1.2 V) N/A 121
pseudocapacitive from WO3/C

CMPC EDLs and pseudocapacitive 410.33 mg-g! (at 1.2 V). 95.2% 91

CC/PANI Hybrid capacitive adsorption and coordination 282.2 mg-g!' (at 0.9 V and pH 4.0) N/A 122
EDL and pseudocapacitive adsorption and
GO/PPy . 246.5 mg-g! (at pH 4.0 and 0.9 V) N/A 123
complexation
FCDI Electrosorption and electroreduction The volume of uranium-containing water 99% 126
was reduced from 2400 mL to 40 mL
MCDI Electrosorption N/A 98.9% (a groundwater source 127

containing 50 pg-L™! uranium)
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Fig. 3 (a) The electrosorption mechanism for U(VI) removal by CS/BC-2 electrode ''°. Adapted with permission from
Ref. 116, Copyright 2021 Elsevier. (b) Possible mechanism for U(VI) electrosorption on PVA/GO-4 17, Adapted with
permission from Ref. 117, Copyright 2022 Elsevier. (c) Schematic diagram of electrosorption mechanism of
WO3/C electrode 2. Adapted with permission from Ref. 124, Copyright 2020 Elsevier. (d) Possible mechanism for
U(VI) electrosorption on CC/PANI-2 125, Adapted with permission from Ref. 125, Copyright 2023 Elsevier.
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Table 2 Summary of CDI materials with different selectivities derived from simulation experiments.

Electrode Performance
Electrosorption mechanism Ref.
material Uptake capacity Comparation
NHPC U0, and NHPC produce synergistic effects 152.43 mg-g™! Kq=1620.84 mL-g! 135
through coulomb interaction and reduction
reaction
CMM MZXene provides a 582.46 mg-g™! (at 1.2 V) 92.3% multi-ionic solution 136
pseudocapacitance/intercalation effect and
the conductive base
Amorphous BP The strong coordination between P and U In aqueous solutions ranging from When nine kinds of ions coexist and 92
nanosheets 0.05 to 130 mg-L™!, the maximum the concentration is 100 times, the
adsorption capacity is 2584 mg-g . material maintains good selectivity
for uranyl ions.
CSKN-15 The redox fixation of U(VI) 78.34 mg-g~! in seawater Sum is higher than 120. 137
HGP hydrogel The physi-, chemi-, and electro-sorption 545.7mg-g"! (at 1.2 V and pH 5.0) Sum values for each cation are far 140

simultaneously took effect

above 1.
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Fig. 4 (a) Schematic diagram of electroadsorption mechanism of CMM electrode
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physisorption :

macropores

mesopores

[+] U(V1) ions @ negative surface

HG nanosheet 4 Phytic acid molecule
qullllibl'lllm Tloctroroduction
U0.'(V) U0.(1v)
Oxidaton

150,

+e Electrosorption oclive sites

139, Adapted with permission from

Ref. 139, Copyright 2022 Elsevier. (b) Diagram of faradic reaction and electroadsorption process occurring at CSKN-15

electrode ¥, Adapted with permission from Ref. 140, Copyright 2023 Elsevier. (c) Illustration of electrosorption

mechanism of HGP electrode 4>, Adapted with permission from Ref. 143, Copyright 2019 Elsevier.
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Table 3 Basic cost analysis of four UES technologies derived from simulation experiments (US$ per kg of uranium).

Technologies Raw material cost Working cost Site and system maintenance cost Total cost
Chemical reduction $20 to $41 $20 to $100 $40 to $120 $80 to $261
Microbial reduction $20 to $41 $50 to $130 $30 to $56 $100 to $227

Photocatalytic reduction $20 to $41 $23 to $30 $30 to $60 $73 to $131
CDI $40 to $80 $0.74 to $1.75 $10 to $80 $50.74 to $161.75
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Fig.5 Summary diagram of challenge
factors of CDI for UES.
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Fig. 6 (a) SEM image of 3DG electrode material ''%. Adapted with permission from Ref. 114, Copyright 2019
Springer International Publishing. (b) Structure legend of HGP hydrogel electrode '“3. Adapted with permission from
Ref. 143, Copyright 2019 Elsevier. (c) Comparison of equilibrium adsorption capacity (¢c) in the environment of
a single competitive metal ion solution and multiple competitive metal ion solutions °.

Adapted with permission from Ref. 95, Copyright 2020 Elsevier.
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Fig. 7 (a) Synthesis principle of NHPC. (b) Adsorption of uranium at different pH values.

(¢) Schematic diagram of uranium migration process and valence state change in CDI process 13,

Adapted with permission from Ref. 138, Copyright 2023 Elsevier.
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Fig. 8 (a) Schematic diagram of how TizC:T./CNF-14 inactivates E. coli. (b) TizC2T-/CNF-14 CDI
structure diagram. (c) TizC2T/CNF-14 synthesis flow chart °. Adapted with permission from Ref. 170,
Copyright 2023 Royal Society of Chemistry.
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