
rsc.li/materials-a

Journal of
 Materials Chemistry A
Materials for energy and sustainability

rsc.li/materials-a

ISSN 2050-7488

COMMUNICATION
Zhenhai Wen et al. 
An electrochemically neutralized energy-assisted low-cost 
acid-alkaline electrolyzer for energy-saving electrolysis 
hydrogen generation

Volume 6
Number 12
28 March 2018
Pages 4883-5230

Journal of
 Materials Chemistry A
Materials for energy and sustainability

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  Y. Shi, H. Xu, J.

Jiang, G. Xu, Z. Yu, W. Zhang, J. Shi, A. Yu and M. Shi, J. Mater. Chem. A, 2026, DOI:

10.1039/D6TA02244H.

http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6ta02244h
https://pubs.rsc.org/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D6TA02244H&domain=pdf&date_stamp=2026-04-21


Capacitive Deionization for Targeted Anion Removal: Mechanisms, 

Advances, and Future Directions

Yuting Shia, Haoran Xua, Jintian Jiangc, Guoqing Xua, Zhiyang Yua, Wei Zhangc, Shi 

Jiab *, Ao Yub *, and Minjie Shia*

a School of materials science and engineering, Jiangsu University of Science and 

Technology, Zhenjiang, 212003, China

b Nanoscience of technology center, University of central Florida, Orlando, FL 32826, 

USA

c Zhejiang Research Institute of Chemical Industry Co., Ltd, Hangzhou, 310023, China

*Corresponding author

E-mail address: Jia.Shi2@ucf.edu (S. Jia); ao.yu@ucf.edu (A. Yu); 

shiminjie@just.edu.cn (M. J. Shi)

Page 1 of 50 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 9
:0

5:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA02244H

mailto:Jia.Shi2@ucf.edu
mailto:ao.yu@ucf.edu
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02244h


Abstract

The escalating prevalence of anionic contaminants in water sources presents a 

critical challenge to global water security. Conventional treatment methods are 

frequently limited by secondary pollution, high energy consumption, and suboptimal 

efficacy in complex aqueous matrices. Capacitive deionization (CDI), an emerging 

electrochemical desalination technology, offers a compelling alternative for selective 

anion removal, distinguished by its low energy footprint, environmental compatibility, 

operational simplicity, and designable electrode architectures. This review provides a 

systematic overview of recent progress in CDI for the removal of key anions, including 

fluoride, chloride, phosphate, sulfate, and arsenate. It elucidates the fundamental 

mechanisms underlying ion removal, tracing the evolution from classical electric 

double layer adsorption toward multi-mechanistic systems that synergistically integrate 

redox reactions, ion exchange, and surface complexation. The structural characteristics 

and comparative advantages of various CDI configurations are critically assessed. 

Furthermore, this review highlights key innovations in functional electrodes and 

discuss their role in achieving anion-specific selectivity. Despite substantial progress, 

persistent challenges remain, including material costs, unresolved microscopic 

adsorption dynamics, and limited industrial scalability. Finally, prospective research 

directions are outlined, aimed at material multifunctionalization, system intelligence, 

and application diversification, offering a roadmap for translating CDI from laboratory 

innovation to practical water treatment solutions.

Keywords: Capacitive deionization; Electrochemical adsorption; Electrode materials; 

Anion removal mechanisms; Water purification
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1. Introduction

Anionic pollution poses a serious threat to global water security, making its 

effective prevention, control, and removal strategically important for several critical 

reasons. From an environmental perspective, elevated anion concentrations degrade 

aquatic habitats and disrupt ecological balance1. For instance, fluoride-rich wastewater 

from semiconductor manufacturing can infiltrate groundwater, degrading habitats for 

benthic organisms (e.g., small fish and aquatic insects)2, 3 and thus posing a major 

barrier to pollution control and ecological restoration4. Economically, efficient anion 

removal is essential for producing the high-purity water required by industries like 

electronics and pharmaceuticals5. Even trace Cl- can corrode metallic components in 

chips, leading to product failure and significant financial loss6. Moreover, advanced 

removal technologies can significantly reduce the energy consumption and operational 

costs of industrial wastewater treatment; for example, they have been reported to reduce 

treatment costs for textile wastewater by 30-40% compared to conventional methods, 

promoting greener, lower-carbon industrial practices. Socially, excessive anions in 

drinking water are linked to public health issues, including skeletal fluorosis and dental 

fluorosis7-9. Therefore, effective anion removal is directly tied to the safety of drinking 

water and public health, representing a critical public health concern with profound 

social implications10.To address this problem, conventional separation methods such as 

ion exchange (IX), electrodialysis (ED), and reverse osmosis (RO) have been widely 

employed. However, these techniques are associated with significant drawbacks11, 12. 

For instance, IX often generates chemical sludge, leading to secondary pollution13. ED 

suffers from high energy consumption due to membrane resistance and water 

electrolysis, whereas RO is hampered by low water recovery rates and limited 

selectivity toward specific anions14. Consequently, these conventional methods are 

often challenged in meeting the growing demand for efficient and environmentally 

benign treatment of complex water sources15. 

Capacitive deionization (CDI), an emerging electrochemical water treatment 

technology, demonstrates considerable potential for selective anion removal16. Its core 

advantages include low energy consumption, environmental friendliness, operational 
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simplicity, and highly reusable electrodes. CDI operates by applying an electric field to 

drive the adsorption of anions onto electrode surfaces or to induce Faradaic reactions, 

thereby effectively separating them from water17, 18. The trajectory of CDI development 

can be divided into three distinct phases (Figure 1). The first phase (1980s-2000s) 

focused on the theoretical foundations of electric double-layer formation and carbon 

electrode optimization. The second phase (2010s) introduced membrane-based 

configurations, especially membrane capacitive deionization (MCDI), which 

enhancing ion selectivity and energy efficiency. The most recent phase (2020s) has seen 

the rise of hybrid (HCDI) and flow-electrode (FCDI) architectures, driven by advances 

in nanomaterials and scalable manufacturing. This review summarizes recent progress 

in CDI for anion removal, emphasizing electrode design, desorption mechanisms, and 

practical application potential, aiming to provide insights for further development and 

industrialization19, 20.

2. Overview of CDI Technology

2.1. Fundamental Principles 

CDI technology utilizes electrochemical processes at electrode materials to 

selectively remove trace harmful anions, such as F- from semiconductor wastewater, 

Cl- from textile effluent, and PO4
3- from agricultural runoff21, 22. The process involves 

applying a low external voltage (typically 0.4-1.6 V), which attracts target anions to 

oppositely charged electrodes where they are immobilized via electrosorptive or other 

specific interactions, thereby separating them from the water. This technology offers 

significant advantages, including low energy consumption, high water recovery rates, 

and electrode reusability. These combined attributes make it a key emerging technology 

for the removal of trace harmful anions from water (Figure 2). The underlying principle 

of CDI is relatively simple16, 18, 23. When a low voltage is applied between a pair of 

porous electrodes, ions in the aqueous solution migrate towards the electrode of 

opposite charge, enabling the selective capture and subsequent removal of target ions23-

25. For instance, F- in groundwater can be electrostatically drawn to and retained on the 

positively charged electrode. This process can effectively reduce fluoride concentration 
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from an initial level of 5 mg/L to below the World Health Organization (WHO) 

drinking water guideline of 1.5 mg/L26, 27.

Ion removal in CDI proceeds through multiple mechanisms28-30. The primary 

mechanism in conventional CDI is electrosorption via the formation of an electric 

double layer (EDL), a thin ionic layer that develops at the electrode-electrolyte interface. 

Another significant pathway involves redox (Faradaic) reactions occurring on the 

electrode surfaces. Furthermore, supplementary mechanisms—including ion exchange, 

where target anions bind to specific functional groups on the electrodes, and 

complexation reactions—can also contribute to the overall ion removal efficiency.

2.1.1. EDL Adsorption Mechanism

EDL mechanism represents the classic and core operating principle of CDI 

technology. It functions by establishing a stable EDL at the electrode-electrolyte 

interface, enabling the physical adsorption of ions31. Porous carbon electrodes such as 

those derived from activated carbon, carbon nanotubes and graphene-based materials 

possess high specific surface areas and well-developed pore networks32, 33, which are 

crucial for facilitating substantial EDL formation. When a low voltage is applied, 

anions (e.g., fluoride (F-), chloride (Cl-), phosphate (PO4
3-)) are electrostatically 

attracted to the positively charged anode, while cations migrate to the negatively 

charged cathode34, 35, resulting in the reversible adsorption and temporary storage of 

ions.

This EDL-based process is highly reversible and generally non-destructive to the 

electrode architecture. For instance, conventional activated carbon electrodes in a basic 

CDI cell can typically undergo more than 50 adsorption-desorption cycles36, 37. The 

adsorbed ions can be released by short-circuiting the electrodes or applying a reverse 

voltage, after which the electrode’s porous structure and adsorption capacity remain 

largely intact. However, a significant limitation of the pure EDL mechanism is its 

inherent lack of ion selectivity. Its performance is predominantly governed by the 

physical properties of ions, such as their hydrated radius and charge24, 38. For example, 

in water containing multiple anions, smaller Cl- ions often outcompete F- for adsorption 

sites39. Similarly, PO4
3- typically exhibit lower adsorption affinity compared to Cl- or 
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F- in PO4
3--rich water, owing to their higher charge density and larger hydrated radius40, 

41. This limited selectivity constrains the effectiveness of the EDL mechanism alone for 

treating complex water matrices that require the targeted removal of specific harmful 

anions. Consequently, it often needs to be integrated with functionalized electrodes to 

achieve enhanced ion-specific removal.

2.1.2. Faradaic Redox Mechanism

To address the limited selectivity of conventional EDL adsorption, the Faradaic 

mechanism relying on reversible redox reactions is commonly employed in modified 

CDI electrodes42, 43. Unlike EDL adsorption, which depends solely on electrostatic 

forces, this approach utilizes active components within the electrode to undergo specific 

and reversible chemical transformations under an applied electric field, enabling highly 

selective capture and release of target anions from mixed-ion solutions. For Cl- removal, 

silver-based electrodes are effective for treating textile wastewater with high Cl- 

concentrations (1000-3000 mg/L)44, 45. Cl- is captured through the reversible oxidation 

of Ag to AgCl during the adsorption phase, forming a strong chemical bond. 

Subsequently, applying a reverse voltage reduces AgCl back to Ag, releasing the Cl- 

into a concentrated stream46. For F- removal from semiconductor wastewater, CeO2-

based electrodes are utilized, leveraging the redox cycling between Ce3+ and Ce4+ 

states47, 48. The higher-valence Ce4+ species can exchange oxygen with F-, forming 

stable Ce-F bonds, and the process is reversed during regeneration, maintaining high F- 

selectivity even in the presence of Cl- at 50-fold higher concentrations. Similarly, ZrO2-

based electrodes target PO4
3- in fertilizer wastewater, where Zr4+ ions undergo 

reversible interactions to form stable complexes with PO4
3-, preferentially adsorbing it 

over competing ions49, 50.

Compared to EDL adsorption, the Faradaic mechanism can significantly enhance 

both selectivity and adsorption capacity. For instance, silver-based electrodes have 

demonstrated Cl- adsorption capacities as high as 156.4 mg/g with 90.8% capacity 

retention after 120 cycles51, 52. However, key challenges remain, including the need to 

suppress side reactions. The applied voltage must be maintained below the 

thermodynamic threshold for water electrolysis (~1.23 V) to avoid energy-wasting 
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water splitting. Additionally, electrode surfaces are often coated with conductive layers 

to mitigate structural degradation of the porous substrate during long-term operation, 

ensuring performance stability in practical water treatment applications53, 54.

2.1.3. Synergistic Mechanisms

Two synergistic mechanisms play vital roles alongside the classic EDL adsorption 

and Faradaic redox reactions, collectively enhancing anion removal efficiency55, 56. 

Reversible ion exchange, commonly exploited in functionalized electrodes, involves 

the reversible exchange of target anions with functional groups or exchangeable ions 

on the electrode surface, thereby improving selectivity. For instance, 

graphene/hydroxyapatite (HAP) composite electrodes remove F- from groundwater by 

exchanging surface hydroxyl groups (-OH) of HAP with F, achieving over 90% F- 

removal27, 57. Similarly, La-based composite electrodes treat F--contaminated industrial 

wastewater, where positively charged amino groups attract F-, and hydroxyl groups 

further strengthen adsorption via ion exchange mechanism, maintaining >85% removal 

efficiency even with a ten-fold excess of Cl-27. This mechanism also applies to other 

anions. For Cl- removal from textile wastewater, Fe3O4/AC composite electrodes utilize 

hydroxyl groups on Fe3O4 to exchange with Cl-, mitigating sulfate interference58, 59. 

Likewise, ZrO2/PPy composite electrodes target PO4
3- in agricultural runoff; the surface 

ion exchange between hydroxyl groups on ZrO2 and PO4
3-, coupled with the attraction 

by positively charged amino groups in PPy, delivers an adsorption capacity of 28.5 

mg/g PO4
3- and stable performance over 50 cycles60-62. Complexation, another 

synergistic mechanism, relies on specific coordination between metal active sites on 

the electrode and target anions, enhancing separation in complex matrices63. La-based 

hydroxyapatite/3D graphene (LaHAP/3D-rGO) electrodes preferentially remove F- 

from semiconductor wastewater via stable bonding at La3+ sites, even in the presence 

of competing nitrate27, 58. Zirconium-based MOF-derived electrodes exhibit a strong 

affinity for F-, where Zr4+ ions tightly bind F-, reducing its concentration from 50 mg/L 

to below the 1.5 mg/L WHO limit64, 65. Silver-doped nitrogen-rich carbon electrodes 

capture Cl- through the formation of stable Ag-Cl bonds at Ag active sites, achieving a 

capacity of 142 mg/g and a 3.8-fold selectivity for Cl- over other ions44, 66, 67. Iron-
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nitrogen coordinated porous carbon electrodes target PO4
3- in fertilizer wastewater, 

where Fe-Nx sites form stable complexes with PO4
3-, ensuring its preferential capture 

over NO3
-.

Overall, the ion removal mechanism in CDI is recognized to have evolved from a 

reliance on single EDL adsorption to a multi-mechanism system encompassing EDL, 

redox, ion exchange, and complexation20, 68. The effectiveness of each pathway depends 

on electrode design, target ion properties, and operating conditions. To balance 

synergistic effects and energy efficiency, operating parameters are typically optimized 

within ranges of 0.8-1.2 V and 10-20 mL/min65. The central optimization objective is 

to enhance the specificity of each mechanism, reduce competitive adsorption, and 

minimize side reactions69. This integrated mechanistic framework provides crucial 

theoretical support for the efficient and selective removal of anions like F-, Cl-, and 

PO4
3- in real-world applications.

2.2. Advantages of CDI Technology

CDI technology presents a key solution for addressing various anionic pollutants, 

stemming from three key advantages70: low energy consumption, high selectivity for 

specific anions, and environmental friendliness71. Firstly, CDI operates with 

significantly lower energy consumption compared to conventional processes like RO, 

substantially reducing long-term operational costs. Secondly, it can achieve high 

selectivity for target anions even in complex water matrices70, 72. For instance, silver-

modified electrodes exhibit a 3.8-fold higher selectivity for Cl- over sulfate 44, 73,and 

Zirconium oxide-based tailored materials prioritize PO4
3- capture with capacities up to 

32.7 mg/g PO4
3-, while lanthanum-based composites maintain F- removal efficiency 

above 90% even with a 50-fold excess of Cl-27, 58. Thirdly, CDI is environmentally 

benign; its operation requires no chemical additives, avoiding secondary pollution, and 

the electrodes show excellent reusability, retaining over 85% of their initial adsorption 

capacity after 50 cycles74. These advantages are underpinned by two fundamental 

innovations. The first is the integration of multiple electrochemical mechanisms: 

physical ion capture via EDL adsorption, selective binding through Faradaic redox 

reactions, and enhanced stability/selectivity afforded by ion exchange or 
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complexation75, 76. The second is optimized material adaptability: porous carbon 

materials are well-suited for EDL adsorption, metal- or metal oxide-doped composites 

facilitate selective redox processes, and specialized materials such as MOF-derived 

structures significantly enhance the targeting capability for specific anions like F- and 

PO4
3-77, 78.

2.2.1. High Energy Efficiency

CDI technology offers a distinct advantage in energy efficiency for removing 

anions such as F-, Cl-, and PO4
3- from various wastewater streams79. Its energy 

consumption is significantly lower than that of conventional separation technologies. 

Under practical operating conditions, energy use can be as low as 0.037 kWh per cubic 

meter of treated water80, 81. Even when processing high-concentration anion-containing 

wastewater (e.g., Cl--rich textile dyeing effluent or PO4
3--contaminated agricultural 

runoff), CDI typically maintains energy consumption below 0.08 kWh/m3, which is 

substantially lower than the demands of processes like ED, nanofiltration, 

electrocoagulation, and RO80, 82, 83. This low energy footprint can be attributed to two 

key factors. First, the applied electric field is used primarily to drive ion electrosorption 

and desorption, without inducing significant phase changes or sustaining energy-

intensive side reactions84. Second, electrode regeneration is straightforward, requiring 

only system short-circuiting or the application of a low reverse voltage, which enables 

over 80% energy recovery during the regeneration step85. For example, silver-based 

electrodes for Cl- removal recover energy when AgCl is reduced to Ag, and zirconium 

oxide-based electrodes for PO4
3- capture maintain energy recovery efficiencies above 

85% during regeneration44, 45, 86. Importantly, this regeneration does not require 

additional chemical reagents, further reducing operational costs and energy input. 

Furthermore, CDI systems typically achieve high water recovery rates exceeding 85%, 

markedly higher than those of RO (<70%) and nanofiltration (70-75%)87, 88. This 

characteristic makes CDI especially valuable in water-scarce contexts, such as treating 

F--contaminated groundwater in arid regions, recycling chloride-laden cooling water in 

industrial parks, or processing PO4
3--rich agricultural runoff. By minimizing 

wastewater discharge and maximizing the yield of usable water, high-water-recovery 
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CDI aligns well with the goals of sustainable water management for anion pollution 

control.

2.2.2. Selective Ion Removal Capacity

The targeted removal of specific anions such as F- , Cl-, and PO₄³- from complex 

water matrices via CDI is achieved through the rational functionalization of electrode 

materials89. F-, prevalent in semiconductor wastewater and groundwater26, 90, can be 

selectively captured by CDI electrodes with tailored affinity. LaHAP/3D-rGO 

composites maintain an 87% F- removal rate even with a 50-fold excess of Cl-. AC-

based composites containing Al, Fe, and Ti oxides (AC-Al4Fe2.5Ti4) reduce F- 

concentration in natural water from 5.15 mg/L to 1.18 mg/L90. Fe-N-C single-atom 

catalysts (FeNₓ/C) leverage the synergy of FeN3 and FeN4 sites to achieve a high F⁻ 

adsorption capacity of 158.33 mg/g26, 91, demonstrating good tolerance towards 

coexisting CO3²⁻ and NO3
2-. For Cl-, a common pollutant in textile and food processing 

effluents, Ag/AgCl nanoparticles anchored on Ti3C2TₓMXene (Ag/AgCl/Ti3C2Tx) 

utilize Ag+ active sites. This design delivers a Cl- adsorption capacity of 156.4 mg/g, 

retains 90.8% capacity after 120 cycles, and exhibits a Cl-/SO4²- selectivity factor of 3.8 

in mixed-anion water92, 93. PO4
3-, originating from agricultural runoff and fertilizer 

wastewater, is effectively targeted by zirconium oxide-embedded nitrogen-doped 

porous carbon electrodes (ZrO2@NC), where Zr4+ sites play a key role79. These 

electrodes achieve a PO4
3- adsorption capacity of 32.7 mg(as P)/g and maintain over 80% 

removal efficiency even in the presence of a 20-fold excess of NO3
-60. The high 

selectivity stems from the synergistic interplay of multiple mechanisms, which include 

electrostatic adsorption within the EDL, specific complexation, and ion exchange 

mechanisms94. F- removal primarily involves the formation of stable inner-sphere 

complexes with Lewis acid metal centers like La3+ or Zr4+, Cl- capture is achieved 

through reversible redox complexation with Ag⁺/Ag⁰ couples. PO₄³- uptake engages in 

ligand exchange with Zr4+ to form strong Zr-O-P bonds95, 96, complemented by 

electrostatic attraction. This multi-mechanism approach effectively overcomes the 

inherent poor selectivity of conventional pure carbon electrodes, which rely solely on 

physical adsorption97, 98, thereby enabling the targeted removal of harmful anions in 
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practical water treatment.

2.2.3. Operational Stability and Regenerability

CDI electrodes typically exhibit excellent cycling stability and regenerability, 

maintaining high adsorption capacities for F-, Cl-, and PO₄³- over repeated adsorption-

desorption cycles99. This exceptional durability is consistently evidenced across a range 

of functionalized materials tailored for different anions. Reduced graphene 

oxide/hydroxyapatite (rGO/HA) composite electrodes show no significant capacity loss 

after 50 cycles. AC-Al4Fe2.5Ti4 electrodes maintain a desorption efficiency above 93.8% 

over 10 cycles, and FeNₓ/C electrodes demonstrate stable performance over 100 cycles 

without apparent structural degradation27, 57. In chloride capture, Ag/AgCl/Ti3C2Tx 

electrodes preserve 90.8% of their initial Cl- adsorption capacity after 120 cycles. 

Similarly, for PO4
3- removal, ZrO2-embedded nitrogen-doped carbon (ZrO2@N-C) 

electrodes retain over 80% of their adsorption capacity after 50 cycles when treating 

agricultural runoff45, 100. The regeneration of CDI electrodes is accomplished solely via 

electrochemical methods, such as short-circuiting the system or applying a mild reverse 

voltage, without the need for chemical reagents101. This reagent-free approach not only 

prolongs electrode service life but also eliminates the secondary pollution associated 

with chemical regeneration byproducts. Consequently, it contributes to lower long-term 

operational costs for water treatment systems designed to remove diverse anionic 

contaminants102, 103.

2.2.4. Mild and Flexible Operation

CDI technology operates under mild conditions, requiring neither high 

temperature/pressure nor strongly acidic/alkaline environments104. The CDI electrode 

reactions function within a near-neutral pH range, thereby avoiding significant pH 

fluctuations in the treated water, which is beneficial for various anion-polluted sources 

like F--contaminated groundwater, Cl--rich textile effluents, and PO4
3--laden 

agricultural runoff105, 106. The operational flexibility of CDI systems is reflected in three 

key aspects. First, the system architecture is relatively simple, enabling modular 

assembly and facile scaling, which allows adaptation to both small-scale drinking water 
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purification and large-scale industrial wastewater treatment107. Second, critical 

operational parameters including applied voltage, flow rate, and pH can be dynamically 

adjusted in response to influent water quality108. For instance, a lower voltage may be 

applied for treating low-concentration F- in groundwater, a higher voltage for high-

concentration Cl- in textile wastewater, and an optimized pH for PO4
3- removal from 

agricultural runoff109, 110. This adjustability makes CDI suitable for a variety of water 

sources, including simulated water, groundwater, and industrial wastewater. Third, CDI 

exhibits compatibility with a wide array of electrode materials. Porous carbons, metal 

oxides (e.g., Fe3O4, ZrO2), metal-organic frameworks (MOFs; e.g., UiO-66, MIL-101), 

and MXenes (e.g., Ti3C2Tx) all serve as viable material platforms. These can be further 

functionalized to meet specific removal requirements20, 21, 23. For example, carbon-

based materials are often used for electric double layer adsorption, metal oxides and 

MOFs are tailored for selective F-/PO4
3- capture via complexation, and MXene-based 

composites can be designed for high-efficiency Cl- removal.

2.2.5. Environmental Friendliness

CDI technology demonstrates environmental benignity across key stages of its 

lifecycle, aligning with sustainable water treatment principles for removing anions like 

F-, Cl-, and PO4
3- from various sources111. This friendliness is manifested in several 

aspects. Firstly, many electrode materials are synthesized via environmentally benign 

routes, such as using biomass-derived carbon or fabricating composite oxides through 

coprecipitation, minimizing the environmental footprint from production112. Secondly, 

during operation, CDI systems generate no secondary pollutants such as chemical 

sludge or concentrated brine residues that are typical of processes like chemical 

precipitation or RO113, 114. The small volume of concentrated solution produced during 

electrode regeneration, for instance from treating F--rich industrial wastewater or Cl--

laden textile effluent, is highly concentrated, facilitating its subsequent treatment or 

potential resource recovery115, 116. Besides, the intrinsic safety of CDI electrodes 

contributes to long-term environmental compatibility. Electrode materials like Al/Fe/Ti 

composite oxides and La-based composites exhibit low toxicity, with metal leaching 

levels well below established safety limits. For example, reported chromium leaching 
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is as low as 0.01 mg/L, iron leaching from FeNx/C electrodes is below 0.6 µg/L, and 

zirconium leaching from ZrO2-based materials is negligible117, 118. This minimal 

leaching effectively mitigates the risk of secondary water pollution during prolonged 

system operation, underscoring the environmental sustainability of CDI technology.

The unique advantages of CDI become most evident in comparison to 

conventional water treatment methods. Figure 3 illustrates a comparative overview of 

CDI, RO, IX, and ED across key performance and sustainability metrics. Compared to 

RO, which achieves high removal rates but with substantial energy input, significant 

brine discharge, and inherent non-selectivity, CDI offers a pathway for energy-efficient 

and selective ion capture with minimal waste streams80. In contrast to IX, which 

provides high selectivity but relies on chemical regeneration that generates secondary 

waste and continuous operational costs, CDI achieves comparable selectivity through 

electrochemically reversible processes that require no added chemicals. While ED 

shares the electrochemical nature of CDI and enables continuous operation, it typically 

operates at higher voltages and is more susceptible to membrane-related challenges like 

fouling and scaling119. As elaborated above, CDI technology is distinct in combining 

low operational energy, tunable high selectivity through rational electrode design, and 

environmental friendliness from chemical-free operation120. This makes CDI not a 

universal substitute for mature technologies, but a highly competitive and 

complementary solution for targeted applications, especially selective removal of 

specific anions from moderate-salinity water where energy efficiency, minimal 

chemical use, and precise ion control are critical.

2.3. CDI Configurations

To address the purification demands of complex water matrices, CDI technology 

has evolved from traditional symmetric electrode configurations to multifunctional 

designs, including membrane-coupled, hybrid electrode, and flow-electrode 

architectures. CDI configurations can be broadly categorized into the following five 

main types based on their architectural and operational principles (Figure 4)121.
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2.3.1. Symmetric Capacitive Deionization (S-CDI)

The S-CDI configuration represents the most basic CDI configuration. It relies 

solely on EDL adsorption without ion-exchange membranes (IEMs), which results in 

low cost and operational simplicity but offers limited ion selectivity. Consequently, it 

is primarily suitable for the preliminary desalination of low-salinity water, such as 

brackish water. The S-CDI system comprises a pair of parallel symmetric electrodes, 

current collectors, and an intermediate flow channel122. Under a low applied voltage 

(0.4-1.2 V), the electric field drives the feed water through the inter-electrode channel, 

where ion adsorption occurs via the formation of an EDL123, 124. Specifically, the 

electric field directs anions in the water toward the anode, while cations migrate to the 

cathode. Relevant anions include F- originating from groundwater, Cl- from low-

salinity textile wastewater, and PO4
3- from dilute agricultural runoff. Concurrently, the 

CDI electrodes facilitate EDL formation, thereby enabling physical adsorption19. 

Owing to its structural simplicity, low manufacturing cost, and ease of operation, the 

S-CDI configuration is widely used125. Its efficacy under tested conditions is evidenced 

by the following: using activated carbon electrodes at 1.2 V with an initial F- 

concentration of 10 mg/L, a 94.2% F- removal rate was achieved from simulated water; 

at 1.0 V with an initial Cl- concentration of 500 mg/L, an 89.5% Cl- removal rate was 

obtained from low-salinity textile wastewater; and at 0.8 V with an initial PO4
3- 

concentration of 5 mg/L (as P), an 85.3% PO4
3- removal rate was attained from dilute 

agricultural runoff57, 79.

2.3.2. Membrane Capacitive Deionization (MCDI)

The MCDI configuration enhances S-CDI by incorporating IEMs, introducing a 

membrane-based sieving mechanism that effectively suppresses co-ion expulsion. The 

synergy between EDL adsorption and membrane selectivity leads to a significant boost 

in adsorption capacity (40-60%) and much-improved ion selectivity, albeit at a higher 

cost and complexity compared to S-CDI. Specifically, MCDI optimizes the 

conventional S-CDI by incorporating IEMs between the electrodes and the flow 

channel, forming a layered structure of anode→anion exchange membrane (AEM)→
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flow channel→cation exchange membrane (CEM)→cathode126, in which AEMs permit 

exclusive anion transport and CEMs enable selective cation migration. This membrane-

integrated architecture combines EDL adsorption with membrane-based sieving, 

effectively suppressing co-ion back-migration127. For instance, AEMs positioned at the 

anode side block the reverse diffusion of anions such as F-, Cl-, and PO4
3- while 

directing target ions toward the respective electrodes. In MCDI configuration, F- from 

groundwater traverses the AEM for anodic capture110, 128. Cl- from textile dyeing 

wastewater migrates across the AEM for selective adsorption, and PO4
3- from 

agricultural runoff, after passing through the AEM, is retained at the anode. 

Concurrently, cations including Na+ and Ca2+ migrate through the CEM to the cathode, 

substantially reducing ion rediffusion losses129, 130. This membrane integration directly 

translates into enhanced performance. Higher adsorption capacity arises from the 

synergistic effect of EDL adsorption and membrane selective sieving, with reported 

increases of 40-60% compared to conventional S-CDI131. An activated carbon 

electrode-based MCDI configuration can achieve 92.3% Cl- removal from textile 

wastewater with 81.5% water recovery132, and a ZrO2-modified MCDI configuration 

can reach 90.1% PO4
3- removal from agricultural runoff (initial concentration 8 mg/L 

as P) with water recovery exceeding 80%133. Beyond capacity, the MCDI configuration 

also enhances ion selectivity, where the incorporation of monovalent anion-selective 

membranes effectively reduces competitive adsorption between multivalent and target 

anions134, 135.

2.3.3. Hybrid Capacitive Deionization (HCDI)

The HCDI configuration holds a distinct position due to its combination of 

mechanistic complexity and selective performance. The asymmetric pairing of an EDL 

electrode with a Faradaic electrode creates a synergistic dual-mode capture system: the 

EDL component enables bulk ion capture, while the Faradaic electrode provides 

chemical binding for target-specific retention. The integration of Faradaic reactions 

improves charge efficiency, reflected in the configuration’s excellent long-term cycling 

stability. Certain variants integrate IEMs to enhance performance136 especially when 

treating water contaminated with F- , Cl- or PO4
3-. In terms of its operating principle, 

Page 15 of 50 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 9
:0

5:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA02244H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02244h


the HCDI configuration operates via the coupled mechanisms of EDL adsorption and 

Faradaic reactions. The Faradaic electrode can bind target anions, for instance via La3+ 

sites for F- , Ag+ sites for Cl- and Zr4+ sites for PO4
3- 137, while the EDL electrode 

facilitates ion migration and maintains charge neutrality138. Furthermore, the HCDI 

configuration consistently delivers robust cyclic stability. For example, the Bi/rGO//AC 

HCDI cell retains over 90% F- desorption after 10 cycles61, 139, the Ag/AgCl//AC HCDI 

cell maintains 88% of its Cl- capacity after 20 cycles, and the ZrO2@N-C//AC HCDI 

cell sustains its PO4
3- removal efficiency after 30 cycles140.

2.3.4. Flow Capacitive Deionization (FCDI)

The FCDI configuration distinguishes itself from conventional CDI configurations 

through the use of suspended flow electrodes instead of fixed ones. These flow 

electrodes are composed of conductive particles dispersed in an electrolyte141, 

circulating between the electrode chamber and a storage tank via a pump. ion-exchange 

membranes installed in the flow channel prevent electrode particle leakage and enable 

effective ion screening142. FCDI configuration operates on the principle of dynamic 

adsorption coupled with continuous ion removal. As the flow electrodes circulate 

through the system, they actively capture target anions from the influent97. Upon 

saturation, they are directed to the storage tank, where a mild applied voltage triggers 

electrochemical regeneration desorbing the adsorbed ions and restoring the electrodes’ 

adsorption capacity143. This continuous operational mode confers several inherent 

advantages, it circumvents the saturation constraints of fixed-electrode systems, 

rendering FCDI particularly suitable for high-concentration anion wastewater (e.g., 

with F- levels exceeding 100 mg/L), it underpins a treatment capacity 3-5 times higher 

than that of MCDI configuration, positioning it as efficient for large-volume and high-

pollution sources144, 145, and its modular architecture enables flexible scale-up to 

accommodate diverse treatment requirements, from small-scale industrial wastewater 

to large-scale water treatment. Studies have demonstrated that FCDI maintains stable 

F- removal efficiency above 85% during continuous treatment of fluorine-containing 

brackish water146, 147. The ability to regenerate flow electrodes in batches within the 

storage tank without system shutdown simplifies operational procedures, reduces 
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downtime, and enhances the overall continuity and reliability of the water treatment 

system148, 149. 

2.4. Key Performance Metrics

A critical assessment of CDI performance is essential for comparing different 

material designs, configuration architectures, and operational strategies. This section 

defines the key performance metrics universally employed to benchmark the efficacy 

of CDI for targeted ion removal150.

2.4.1. Ion Electrosorption Capacity (IEC)  

The IEC is a fundamental parameter for evaluating the ion removal151. This 

parameter represents the mass of ion removed relative to the mass of the active 

electrode material. It is quantified as the amount of ions adsorbed per gram of electrode 

material (in milligrams) and is determined using formula (1)：

𝐼𝐸𝐶 =
(𝐶0 ― 𝐶𝑒) × 𝑉

𝑚

where C0 refers to the initial concentration of the feed solution, while Ce indicates the 

effluent concentration at the end of the adsorption phase. V denotes the volume of the 

treated solution, and m represents the mass of the active material in the working 

electrode (s). The IEC is directly governed by the intrinsic properties of the CDI 

electrode, which include critical factors such as specific surface area, redox activity, 

surface chemistry, and electrical conductivity. Moreover, operational conditions like 

the applied voltage, hydraulic residence time, initial ion concentration, and co-existing 

ions also have a significant impact on the IEC value. 

2.4.2. Average Ion Electrosorption Rate (AIER)

 The AIER quantifies the speed of ion removal relative to the mass of the electrode 

material. It is defined as the achieved IEC divided by the duration of the adsorption 

phase, with units of milligrams per gram per minute (mg/g/min)150, and is determined 

using formula (2):
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AIER = 
IEC

t

where IEC refers to the ion adsorption capacity obtained at the end of the adsorption 

phase, as calculated by formula (1), and t denotes the duration of the adsorption phase. 

AIER is linked to the processing throughput of the CDI system and is regarded as a 

critical metric for assessing the feasibility for rapid water treatment applications.

2.4.3. Charge Efficiency (CE)

The CE is a key electrochemical parameter for evaluating the electrical efficiency 

of the ion removal process in CDI. This parameter represents the ratio of the electrical 

charge effectively utilized for ion adsorption to the total electrical charge passed 

through the CDI system131. It is defined as the ratio of the charge corresponding to the 

adsorbed ions to the total charge passed during the adsorption phase, typically 

expressed as a percentage, and is determined using formula (3):

CE = 
𝑞𝑎𝑑𝑠

𝑄𝑡𝑜𝑡𝑎𝑙
×

In this equation, 𝑞𝑎𝑑𝑠 denotes the charge corresponding to the adsorbed ions, which 

can be calculated from the measured SAC via Faraday’s law. 𝑄𝑡𝑜𝑡𝑎𝑙 represents the 

total charge passed during adsorption, obtained by integrating the current over time. 

The magnitude of CE is influenced by several factors, including the electrochemical 

properties of the electrode materials, the presence of ion-exchange membranes, and the 

occurrence of competing reactions such as water electrolysis. In CDI systems without 

ion-exchange membranes, the expulsion of co-ions can also lead to a reduction in CE. 

An ideal CE of 100% signifies that all charge passed is used for ion adsorption. In 

practical applications, a high CE is desirable as it correlates with lower energy 

consumption and is therefore an important indicator of the overall efficiency and 

economic viability of a CDI system.

2.4.4. Specific Energy Consumption (SEC)

The SEC quantifies the electrical energy consumed to achieve a unit of ion 

removal performance. It is defined as the ratio of the total electrical energy input to 

either the volume of purified water produced or the mass of ion removal, with common 
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units of kilowatt-hours per cubic meter (kWh/m3) or per kilogram of ions removed 

(kWh/kg)83, and is determined using formula (4):

SEC = 
Etotal

(Vp×ΔC)  (4)

where Etotal denotes the total electrical energy consumed during a full adsorption-

desorption cycle, typically obtained by integrating the power over time, Vp represents 

the volume of product water, 𝛥𝐶 is the average reduction in ion concentration. The 

SEC is primarily governed by the CDI system’s electrochemical and operational 

efficiency, which includes factors such as the electrode's charge efficiency, internal 

resistance of the cell, and the energy recovery capability during regeneration.

2.4.5. Ion Selectivity (Separation Factor, α)

α is a paramount performance parameter for evaluating targeted remediation 

capability in CDI systems152, which is defined as the ratio of the distribution 

coefficients of the target ion to a competing ion between the electrode surface and the 

bulk solution, and is determined using formula (5):

α(A B)=
( qA Ce,A)
( qB Ce,B )

=
(qA×Ce,B)
(qB×Ce,A)(5)

where α(A B) denotes the selectivity of target ion A over competing ion B, qA and qB 

are the adsorption capacities (or surface concentrations) of ions A and B on the 

electrode at equilibrium, respectively, and Ce,A and Ce,B represent the equilibrium 

concentrations of ions A and B in the bulk solution. Alternatively, selectivity can be 

pragmatically reported as the simple ratio of the adsorption capacities (qA qB) or the 

removal efficiencies of the two ions under mixed conditions153. A high selectivity factor 

is essential for the efficient CDI operation in complex and multi-component water 

matrices and is regarded as the decisive metric for assessing the technology’s suitability 

for precision separation and targeted pollutant removal. 

These key performance metrics are interdependent, and optimizing a CDI system 

often involves balancing trade-offs among them. For instance, a material may achieve 

a high IEC at the expense of charge efficiency, leading to a higher SEC. Similarly, 

exceptional selectivity for a target ion might correlate with a lower overall adsorption 

rate154. Therefore, the choice of CDI electrodes, configuration, and operating conditions 
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must be strategically aligned to prioritize the metrics most critical for a given 

application, whether the goal is achieving ultra-low contaminant concentrations, 

minimizing energy and chemical usage, or maximizing water yield. 

3. CDI Electrode Materials

The performance of CDI technology, which encompasses its ion adsorption 

capacity, ion selectivity, charge efficiency, and long-term stability, is fundamentally 

dictated by the architecture and chemistry of its electrode materials155. This chapter 

adopts a material-centric perspective to systematically examine the design principles, 

functional mechanisms, and evolutionary trajectory of electrode systems engineered for 

CDI, particularly in the context of targeted anion removal. The field has progressed 

from early reliance on porous carbons for non-selective electrosorption toward the 

rational design of functional materials that engage target ions through specific 

interactions. This evolution reflects a shift from viewing the electrode as a generic 

adsorbent to designing it as a precision tool, with material properties tailored to 

overcome the distinct challenges posed by different anionic pollutants.

3.1. Carbon Electrode Materials

Carbon materials constitute the foundational CDI electrode operating primarily 

through the formation of an EDL. Their performance is governed by key structural 

parameters: a high specific surface area (often exceeding 1000 m2/g) to maximize ion-

accessible sites, a hierarchical pore network, and high electrical conductivity to ensure 

efficient charge distribution156. Carbon electrodes offer compelling advantages, 

including low cost, mature manufacturing processes, and excellent electrochemical 

stability over thousands of cycles. Their principal limitation, however, is the inherent 

lack of ion specificity stemming from the non-faradaic and physical nature of EDL 

adsorption156. In complex ionic matrices, this results in competitive adsorption where 

capacity is consumed by non-target ions, severely restricting selective ion removal 

efficiency. While indispensable as conductive scaffolds and baseline materials, pure 

carbons are often insufficient for applications demanding high selectivity. Their 

primary role has thus evolved to serve as robust and conductive matrices in composite 
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materials where they support and synergize with more selective functional 

components20.

3.2. Faradaic Electrode Materials

To overcome the selectivity limitations inherent to carbon electrodes, Faradaic 

electrode materials are widely employed. These are categorized by their dominant 

interaction modes, including inner-sphere complexation, which utilizes hard Lewis acid 

metal centers such as La3+ and Zr4+ to form stable complexes with anions like F- and 

AsO4
3-157. Reversible redox-based materials, exemplified by the Ag/AgCl couple for 

selective Cl- capture, where capacity is directly tied to redox charge and nanostructural 

design is critical for stability158. Ligand-exchange-driven materials, which rely on 

geometric and electronic complementarity between high-valence metal cations Zr4+ and 

Fe3+ and polyvalent oxyanions like phosphate to address selectivity in competitive 

matrices159. Conducting polymers especially polyaniline (PANI), whose tunable 

doping/dedoping behavior allows affinity modulation via functional groups and 

oxidation states160. However, the practical deployment of these functional materials is 

counterbalanced by synthesis and stability challenges, including precursor cost, the 

need for scalable production methods, and the imperative to maintain structural and 

chemical integrity of active sites over extended cycling to prevent leaching or 

deactivation161.

3.3. Composite Electrode Architectures

The most significant advances in CDI electrodes have emerged from composite 

architectures that integrate multiple materials to achieve synergistic properties 

unattainable by any single constituent162. The dominant strategy involves fabricating 

carbon- or MXene-based functional composites, where a conductive backbone serves 

as an efficient electrical highway and robust mechanical framework, while dispersed 

nanoparticles or atomically dispersed sites provide selectivity. Examples like FeNx/C 

for F- removal or Ag/AgCl/MXene for Cl- removal demonstrate the carbon or MXene 

component mitigates the poor intrinsic conductivity of the active phase, while FeNx and 

Ag/AgCl provide excellent selective anion adsorption57. Similarly, composites 
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incorporating layered double hydroxides (LDHs) with conductive carbon matrices, 

namely CoAl-LDH/C, successfully combine the high anion exchange capacity of LDHs 

with the necessary electrical pathways of the carbon matrix, enabling efficient 

electrosorptive removal of PO4
3-163. Collectively, the composite approach yields 

electrodes with significantly enhanced conductivity, which ensures full utilization of 

active sites for ion capture. This synergistic design not only lowers the kinetic barrier 

for ion diffusion but also enables efficient charge transport throughout the composite 

electrode for ion capture164.

4. Targeted Anion Removal

4.1. F-, Cl-, and PO4
3- Removal 

The development of CDI technologies for anion removal is driven by stringent 

requirements for water quality in both industrial and municipal sectors. Among various 

anionic pollutants, F-, Cl-, and PO4
3-, are of particular concern due to their distinct 

environmental and health impacts. However, their concurrent or selective removal 

presents a significant challenge, as their differing ionic radii, charges, and hydration 

energies necessitate tailored electrode design. 

4.1.1. CDI Technology for F- Removal 

F- predominantly occurs in rocks and soils as insoluble minerals such as calcium 

fluoride and fluorspar, whereas in natural water bodies, it exists primarily as free F-. Its 

migration and transformation are governed by three key factors, water pH, coexisting 

ions (e.g., Ca2+, Mg2+) and adsorption media in the aquatic environment165. F- exerts a 

dual effect on human health. At moderate concentrations (0.5-1.0 mg/L), it promotes 

tooth enamel mineralization, enhancing resistance to acid erosion, thereby preventing 

dental caries. However, excessive F- intake exceeding the WHO drinking water 

guideline of 1.5 mg/L can lead to fluorosis166, 167. Long-term accumulation results in 

dental fluorosis and skeletal fluorosis, which in severe cases can cause bone deformities 

and kidney damage168,169. These health risks are exacerbated by anthropogenic F- inputs 

from industrial activities, which discharge F- at concentrations far exceeding natural 
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background levels. In semiconductor fabrication, hydrofluoric acid is widely used for 

etching and cleaning silicon wafers; The resulting wastewater typically contains 50-200 

mg/L of F-, far above common discharge limits (e.g., 10 mg/L in China’s GB 8978-

1996)170, 171. The substantial disparity between elevated industrial F- concentrations and 

stringent discharge standards underscores the pressing need for efficient and 

economical F- removal technologies172. Crucially, the presence of high concentrations 

of competing ions like Cl- in many of these wastewaters makes selective F- removal a 

paramount engineering challenge. 

Considerable research has been conducted on CDI technology for F- removal. 

Electrode modification plays a central role in enhancing defluoridation performance, 

with the introduction of metal active sites and the construction of composite structures 

serving as two primary strategies173, 174. LaHAP/3D-rGO composite CDI electrodes 

demonstrate high selectivity in complex matrices. They maintain 87% F- removal 

efficiency even in the presence of chloride ions that are 50 times more concentrated, 

while achieving an adsorption capacity of 54.4 mg/g27, 175. Besides, FeNx/C electrodes 

in CDI device achieve an ultra-high F- adsorption capacity of 158.33 mg/g and exhibit 

pronounced tolerance to interfering ions (Figure 5)27, 57, 174. The exceptional capacity 

stems from the atomically dispersed Fe-Nx sites, which form strong complexes with F-. 

Importantly, these single-atom sites are stabilized within the carbon matrix, minimizing 

Fe leaching and maintaining structural integrity during the Faradaic process176.  

The removal mechanism of F- in CDI technology has progressed from a simple 

EDL adsorption process to a synergistic and multi-mechanism system that integrates 

EDL adsorption, Faradaic redox reactions, and ion exchange/complexation (Figure 

6)174. The left panel depicts the foundational EDL adsorption mechanism, where 

fluoride ions are non-selectively captured via electrostatic forces at the electrode 

interface. The right panel demonstrates the introduced Faradaic pathway, where 

electrochemical reactions enable selective and high-capacity ion capture through 

chemical transformations. Metal-based active sites, such as La3+, FeNx, and Ce4+, serve 

as the core drivers for selective F- capture. These sites enable preferential adsorption 

either by forming stable inner-sphere complexes with F- ions or through specific ion-

exchange interactions177, 178. This coordinated, multi-mechanism approach leverages 
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the strengths of each pathway: EDL provides rapid ion enrichment, redox contributes 

to high-capacity capture, and ion exchange/complexation ensures specificity for F- 

removal in complex waters.

4.1.2. CDI Technology for Cl- Removal

Cl- are among the most widely distributed anions in nature, occurring 

predominantly in dissolved form in seawater, brackish groundwater, and surface 

runoff179. Their prevalence is significantly amplified by anthropogenic activities, with 

key industries such as textile dyeing and food processing generating wastewater 

containing Cl- concentrations typically ranging from 1000-5000 mg/L180, 181. If 

discharged untreated, these effluents pose severe threats, they can induce soil 

salinization, reducing agricultural yields182,183, and act as vectors to enhance the 

mobility and toxicity of co-existing heavy metals184, 185. For human health, long-term 

consumption of water with Cl-exceeding the WHO guideline of 250 mg/L is associated 

with gastrointestinal issues and increased renal burden186-188. 

The core strategy to overcome the limited capacity and selectivity of traditional 

carbon electrodes involves introducing functional components that engage Cl- through 

specific interactions. The incorporation of reversible redox couples, such as the 

Ag/AgCl system, enables high-capacity ion capture through Faradaic reactions, 

representing a strategy based on redox-active metal sites. For example, Ag/AgCl 

confined within MXene nanosheets achieves an exceptional Cl- adsorption capacity of 

156.4 mg/g189. The confinement structure is crucial for both performance and stability: 

it maximizes the utilization of redox-active Ag/AgCl sites and physically constrains 

them to prevent aggregation or detachment during continuous redox cycling190. 

Conductive polymer modification, exemplified by PANI coatings, introduces 

pseudocapacitance and ion-specific affinity to electrodes. For instance, a PANI-

modified electrode operated at +0.35 V (vs. Ag/AgCl) achieves a high Cl- adsorption 

capacity of ~65 mg/g with near-unity Coulombic efficiency and pronounced selectivity 

for Cl- over competing sulfate and PO4
3- ions (Figure 7)23. In the context of composite 

materials, iron nanoparticle-embedded flexible carbon nanofibers achieve stable 

chloride removal (>88% efficiency) within FCDI systems, highlighting the adaptability 
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of these engineered electrodes for continuous industrial-scale water treatment191, 192.The 

high Cl- adsorption performance observed in advanced CDI electrodes is founded on a 

synergistic mechanistic framework that integrates EDL adsorption for initial ion 

concentration, Faradaic redox reactions for high-capacity, reversible capture, and 

specific complexation for enhanced selectivity in mixed-ion solutions193. 

4.1.3. CDI Technology for PO4
3- Removal

Excessive PO4
3- input from anthropogenic activities, such as agricultural runoff 

(0.5-5 mg/L P), industrial discharges (10-100 mg/L P), and domestic sewage (5-20 

mg/L P), has become a primary driver of eutrophication194. This process, triggered 

when total phosphorus exceeds 0.02 mg/L, leads to harmful algal blooms, dissolved 

oxygen depletion, and severe ecological and economic damage, as evidenced in lakes 

like Taihu in China195, 196.Beyond environmental harm, elevated PO4
3- interferes with 

calcium absorption in humans and can corrode metal components in high-purity water 

systems for electronics manufacturing197. 

Although conventional carbon-based CDI electrodes offer broad electrochemical 

compatibility, their intrinsic lack of specific affinity for PO4
3- limits their practical 

utility in achieving low effluent concentrations required for regulatory compliance. To 

overcome this, recent strategies focus on incorporating metal centers that exhibit strong 

interactions with PO4
3- ions, thereby enabling selective and efficient removal 

performance. The achieved cycling stability of CDI systems under realistic operating 

conditions, evidenced by less than 15% capacity decay after 20 cycles for ZrO2-

embedded nitrogen-doped porous carbon (ZNPC) electrodes (Figure 8), indicates high 

adsorption capacities with structural integrity and minimal metal leaching even in 

complex matrices198, 199. This robust cyclic performance is critical for scalable 

deployment, as it directly translates into reduced operational downtime, lower 

regeneration frequency, and extended electrode service life. Such benefits directly 

address the key economic and technical barriers that have historically hindered CDI 

adoption in large-scale wastewater treatment. As a result, this class of stable and 

selective CDI approach holds strong potential for application across diverse sectors: 

mitigating agricultural non-point source pollution by targeting residual phosphorus in 
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surface runoff, treating high-concentration industrial effluents where PO4
3- levels often 

exceed 10 mg/L, and enabling the production of high-purity process water for 

electronics and pharmaceutical industries.

Electrodes featuring Zr4+ sites, for instance, ZrO2-embedded nitrogen-doped 

porous carbon derived from ZIF-8, achieve high PO4
3- adsorption capacity, such as 32.7 

mg P/g, by leveraging specific ligand exchange. This exemplifies the high-capacity 

performance of zirconium-based electrode materials190. The nitrogen-doped carbon 

matrix protects the ZrO2 nanoparticles, while the strong Zr-O-P bonds formed during 

adsorption are reversible yet robust. Under near-neutral pH conditions, which are 

optimal for both PO4
3- adsorption and material stability, the electrode exhibits 

negligible Zr leaching and maintains over 80% of its adsorption capacity after 50 cycles 

in complex agricultural runoff. This underscores that the optimal adsorption condition 

is simultaneously a condition that favors material stability199, 200. The CoAl-LDH/C 

composite as CDI electrode combines the inherent anion exchange capacity of LDHs 

with the essential electrical conductivity provided by the carbon matrix. They 

demonstrate strong anti-interference ability, achieving a PO4
3- selectivity factor of 2.6 

in the presence of competing ions like sulfate and Cl-  (Figure 9)99. The layered 

structure of LDH provides structural stability and abundant sites. The conductive 

carbon backbone ensures electrical connectivity and mitigates the poor inherent 

conductivity of LDHs. This synergistic design enables the composite to maintain its 

structural integrity and ion-exchange capability over multiple cycles, which is essential 

for sustaining its selective PO4
3- removal performance in long-term operation190.

Based on the above discussions, the advanced electrode materials discussed herein 

address key economic and technical barriers to real-world CDI implementation through 

three synergistic performance attributes. First, high anion adsorption capacity reduces 

the electrode volume needed to treat a given contaminant load, enabling compact and 

cost-effective modular systems for industrial use. Second, high anion selectivity 

ensures efficient operation in complex waters by preventing capacity waste on 

background ions, thereby extending operation cycles, reducing regeneration frequency, 

and improving overall efficiency. Third, robust adsorption stability encompasses both 

cycling performance and tolerance to interfering ions. Tolerance to common ions 
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enhances operational robustness and reduces pretreatment needs, while exceptional 

regenerative stability prolongs electrode service life. This directly lowers electrode 

replacement frequency and cost, reducing operational expenditure for challenging 

industrial effluents. In summary, the synergy of high capacity, selectivity, and long-

term stability positions these next-generation CDI electrode materials as promising 

candidates for scalable deployment, bridging the gap between laboratory performance 

and practical, economical water treatment.

4.2 Removal of Other Anions

4.2.1. CDI Technology for Sulfate (SO4
2-) Removal

SO4
2- is a common high-valence anion in water, primarily originating from mine 

wastewater, textile dyeing processes, and chemical production. Excessive sulfate 

concentrations induce both environmental and industrial hazards. Agriculturally, 

irrigation with high-sulfate water triggers soil salinization and impairs soil aggregate 

structure201. Industrially, sulfate ions react with Ca2+ to form CaSO4 scaling, which 

clogs pipelines and membranes while increasing equipment maintenance costs202. 

Additionally, SO4
2- concentrations exceeding 250 mg/L in water elevate eutrophication 

risks203. CDI research targeting sulfate removal centers on the development of high-

capacity, anti-interference electrodes and configuration optimization, with key 

advances including: the dual-active biochar CA-NPSSC-1 constructs multi-channel 

structures through (NH4)2HPO4-CO2 dual activation, achieving a SO4
2- adsorption 

capacity of 17.16 mg/g (5.2 times that of unactivated biochar) and an 83.09% removal 

efficiency in mine wastewater containing Cl- and NO3
-. 

4.2.2. CDI Technology for Arsenate (AsO4
3-) Removal

AsO4
3-, a highly toxic anion from natural groundwater enrichment, metallurgical 

wastewater and semiconductor manufacturing, is highly carcinogenic to humans the 

WHO limits total arsenic in drinking water to <10 µg/L and long-term exposure leads 

to skin/lung cancer and nervous system damage204. CDI technology is a research focus 
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for ultra-deep arsenate removal with core advances in high-selectivity electrodes and 

oxidation-adsorption synergy: binder-free electrophoretic-deposited CNTs-X@Fe3O4 

electrodes use Fe3O4 for specific AsO4
3- complexation, oxidize trace As3+ to AsO4

3- at 

1.2 V (oxidation-adsorption synergy)205, reducing groundwater arsenic from 0.1 mg/L 

to <2 µg/L and retaining >85% removal with PO4
3- interference. Besides, the Fe-

rGO@AC electrodes achieve 49.5 mg/g AsO4
3- capacity via Fe0/Fe2+/Fe3+ cycling, with 

Fe leaching <0.6 µg/L after 20 cycles MOF-derived Fe-N-C electrodes maintain >90% 

removal at pH 6~10 via FeNx-AsO4
3- coordination, suiting complex water scenarios. 

4.2.3. CDI Technology for Nitrogen Oxyanions (NO3
-/NO2

-) Removal

Nitrogen-oxygen anions (mainly NO3
-, NO2

-) are typical water nutrient pollutants: 

NO3
- comes from agricultural non-point sources, domestic and industrial sewage, NO2

- 

from NO3
- reduction and industrial nitrification. Excessive concentrations of nitrogen-

oxygen anions pose significant health and ecological hazards, NO3
- concentrations 

exceeding 50 mg/L in drinking water induce infantile methemoglobinemia, while NO2
- 

forms carcinogenic nitrosamines through reactions with amines; total nitrogen-oxygen 

anion concentrations above 0.3 mg/L further aggravate eutrophication and algal blooms. 

CDI research on these anions focuses on selectivity and reduction-desorption efficiency. 

Cu/Zn-MOF-derived N-doped porous carbon electrodes reach 42 mg/g NO3
- capacity 

via reversible Cu0/Cu2+ redox, with selectivity factor 3.2 in Cl-/SO4
2--containing water. 

Bi-modified carbon electrodes show specific NO2
- capture, achieving 95% removal via 

Bi-O-N bonding (post-treatment concentration <0.1 mg/L)206. 

4.3. Selectivity for Various Anions

Achieving high selectivity for target anions in complex aqueous matrices is a 

pinnacle challenge in advancing CDI for practical water treatment. Selectivity in CDI 

is a multifaceted outcome governed by the interplay between the physicochemical 

properties of the target ion and the engineered characteristics of the electrode material 

and CDI configuration18. Mechanistically, selectivity originates from the precise 

matching of ion attributes with complementary functionalities in the electrode. For 

small and hard Lewis base anions like F- and AsO4
3-, ultra-high affinity is achieved 
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through strong inner-sphere complexation with hard Lewis acid metal centers207, 

especially La3+, Zr4+, and Fe3+, forming thermodynamically favorable and kinetically 

stable bonds that override competition from background ions like Cl-. The removal of 

high-concentration and high-mobility ions like Cl- in saline environments relies on 

engineered specificity through reversible redox chemistry, exemplified by Ag+/AgCl, 

couple, or through steric and charge-based sieving within tailored porous architectures. 

For polyvalent oxyanions such as PO4
3- and SO4

2-, selectivity hinges on electronic and 

steric differentiation208. This can be achieved via specific ligand exchange, where the 

anion’s geometry and charge density complement the coordination sphere of a metal 

site, or through preferential electrostatic interactions in charged or confined 

nanostructures.

To enhance selectivity, several innovative material design strategies have been 

developed. These include molecular imprinting and covalent grafting to create tailored 

cavities or functional groups that geometrically and chemically complement the target 

anion, as well as the use of redox-active sites with inherent specificity, such as metal 

redox couples that react preferentially with a particular ion209. Additionally, designing 

hybrid and hierarchical structures that combine materials offering distinct selective 

mechanisms, such as ion exchange, specific complexation, and physisorption, enables 

a synergistic response to complex ion mixtures210. Beyond material design, CDI 

configuration and operational parameters serve as critical levers for tuning selectivity. 

MCDI enhances selectivity by incorporating the intrinsic selectivity of IEMs into the 

electrochemical process. HCDI allows one electrode to be optimized for selective 

capture via Faradaic processes while the other manages charge balance. Furthermore, 

adjusting operational parameters, such as applied voltage and solution pH, can shift the 

dominant removal mechanism or alter the speciation and affinity of target ions, thereby 

offering dynamic control over selectivity in practical applications121.

5. Conclusions and perspectives

CDI technology for anion removal has advanced significantly but faces 

bottlenecks in fundamental understanding, materials, and scaling. Key gaps include 

unclear competitive adsorption dynamics, limited predictive models, and poor system 
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predictability for real waters. Scalability challenges involve high material costs, 

complex synthesis, module integration issues, and insufficient long-term stability 

validation. The research paradigm remains lab- and batch-oriented, lacking continuous 

systems and industry standards. Future work should focus on: (1) fundamental 

mechanisms for predictive design, (2) cost-effective scalable materials, (3) modular 

fault-tolerant systems, (4) long-term pilot studies with real water. Early techno-

economic and life-cycle analyses are essential. The envisioned roadmap for CDI 

technology is centered on three key pillars (Figure 10), material multifunctionality, 

system intelligence, and application diversification. Core priorities include the 

development of cost-effective and high-performance composite electrodes through 

scalable synthesis, along with the implementation of AI-driven intelligent control and 

modular system designs. The application scope extends to high-value industrial 

wastewater from sectors such as semiconductors and textiles, as well as specialized 

wastewater treatment. By deeply integrating with renewable energy sources like solar 

and wind, the CDI technology aims to achieve off-grid and carbon-neutral operation, 

thereby supporting the sustainable goals of the water-energy nexus. Priorities are 

multifunctional composite electrodes, green scalable synthesis, intelligent real-time 

control, and compact modular designs. Applications span semiconductor, textile, and 

agricultural sectors, plus nuclear wastewater and high-salinity brines. Integration with 

renewable energy (solar, wind) enables off-grid, carbon-neutral operation, supporting 

water-energy nexus goals and sustainable infrastructure.

The real-world application of CDI technology for water security hinges on 

overcoming several major challenges to large-scale deployment. First, economic 

viability remains a primary barrier, driven by the high cost of advanced CDI electrode 

materials and complex module manufacturing. Second, engineering and system 

integration must address issues related to scaling up, including maintaining 

performance uniformity across large electrode stacks, ensuring stable hydraulic flow, 

and guaranteeing long-term durability of membranes and electrodes under fluctuating 

real-water conditions. Third, the field currently lacks predictability and standardization, 

with no universally accepted performance evaluation protocols or predictive models for 

CDI lifespan under industrial operating conditions. Future solutions must adopt a 
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holistic approach. Economically, research should focus on scalable and cost-effective 

synthesis routes for electrode materials and the use of earth-abundant alternatives. From 

an engineering perspective, modular and fault-tolerant architectures that simplify 

maintenance and enable incremental scale-up are needed. Crucially, long-duration pilot 

studies using authentic wastewater streams are indispensable to generate robust data for 

reliable techno-economic and life-cycle assessments. Furthermore, AI offers a 

transformative toolkit to address these bottlenecks. In electrode design, machine 

learning accelerates material screening by predicting properties from descriptors. For 

system optimization, AI algorithms dynamically adjust operating parameters using real-

time sensor data to maximize efficiency under fluctuating feedwater quality. Most 

profoundly, AI provides mechanistic insights by uncovering non-linear patterns in 

multi-dimensional datasets, revealing structure-activity relationships and competitive 

adsorption behaviors beyond conventional analysis. Integrating AI, from materials 

discovery to smart process control, is a pivotal direction for intelligent, cost-effective 

and large-scale CDI systems.

Bridging the gap from laboratory CDI prototypes to large-scale water treatment 

demands a coordinated strategy that integrates technical validation, engineering 

innovation, and economic assessment. This pathway must prioritize long-term pilot 

studies using real wastewater to evaluate fouling, stability, and operational costs under 

realistic conditions. Ultimately, advancing CDI for anionic pollutant removal will rely 

on deep collaboration across material design, system engineering, and application 

validation to establish performance standards and demonstrate technology readiness in 

targeted applications.
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Figure 1. Historical timeline for the development of CDI technology.
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Figure 2. Schematic of the CDI process and key performance metrics.
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Figure 3. Performance comparison of CDI technology against RO, IX, and ED 

approaches across technological and sustainability dimensions. 
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Figure 4. Schematic illustrations of fundamental CDI configurations. 
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Figure 5. Electrochemical adsorption performance of FeNx/C electrodes for F- removal. 

(a) Adsorption isotherms (Langmuir and Freundlich models) for F- removal. (b) 

Adsorption kinetics of F- onto the FeNx/C electrode. (c) Effect of solution pH on F- 

adsorption capacity. (d) Influence of applied voltage on F- removal performance. (e) 

Selectivity of FeNx/C for F- in the presence of various competing anions. (f) Cycling 

stability of the FeNx/C electrode over three consecutive adsorption-desorption cycles.

(reprinted with permission from Separation and Purification Technology174, copyright 

2024, Elsevier)
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Figure 6. F- removal in CDI evolves from single EDL adsorption (left) to a synergistic 

multi-mechanism system (right) about ion exchange/complexation, such as metal-based 

sites (e.g., La3+, FeNx, Ce4+) enabling selective F- capture.
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Figure 7. Electrochemical stability and anion selectivity of PANI-modified CDI 

electrodes for targeted Cl- removal. (a) Coulombic efficiency over 10 cycles at different 

applied potentials. (b) Cl- removal capacity during cycles. (c) Comparison of Cl- 

removal capacity and charge efficiency for different electrodes (PACP, CCP, PAC, CC). 

(d) Long-term cycling stability over 10 cycles. (e) CV curves at 10 mV/s showing the 

capacitance behavior sof PACP, PAC, dig-PAC, and AC electrodes. (f) UV-Vis 

absorption spectra of BG (before graphitization) and IG (after graphitization) samples, 

indicating the structural transformation of the carbon material.

(reprinted with permission from Separation and Purification Technology23, copyright 

2022, Elsevier)
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Figure 8. Phosphorus removal performance and influencing factors of the NPC, ZNPC-

12, ZNPC-11, ZNPC-21, electrodes. (a) Gravimetric adsorption capacity (GAC) of 

different electrodes over time. (b) Effect of initial phosphorus concentration on GAC. 

(c) Langmuir and Freundlich isotherm model fitting for phosphorus adsorption. (d) 

Effect of applied voltage on GAC. (e) Ragone plot (GAR vs. GAC) at different voltages. 

(f) Energy consumption per unit volume of treated water at different voltages. (g) Effect 

of solution pH on GAC and the corresponding final pH. (h) Effect of competing anions 

(Cl-, NO3
-, SO4

2-) on phosphorus removal. (i) Cycling stability of the ZNPC-21 

electrode over 10 adsorption-desorption cycles.

(reprinted with permission from Carbon199, copyright 2025, Elsevier)
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Figure 9. Effect of Ca-La LDH mass ratio on Cl- removal efficiency, adsorption 

capacity, and energy consumption by using CDI technology.

(reprinted with permission from Desalination99, copyright 2024, Elsevier)
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Figure 10. Future development roadmap of CDI applications for anion removal in 

water treatment and purification.
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