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Review Article: Capacitive Deionization and Electrosorption for Heavy Metal Removal

Heavy metals are highly toxic and exposure to contaminated water threatens millions of people around 
the world. Capacitive deionization (CDI) and electrosorption have shown promise as cost and energy-
efficient methods to desalinate and deionize water. Developing efficient CDI methods to remove heavy 
metal ions can be an effective approach for more sustainable water treatment and purification.
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Capacitive Deionization and Electrosorption for Heavy Metal 
Removal 

Raylin Chen,a Thomas Sheehan,a Jing Lian Ng,a Matthew Brucks,a and Xiao Sua 

Capacitive deionization (CDI) technologies have gained intense attention for water purification and desalination in recent 

years. Inexpensive and widely avaliable porous carbon materials have enabled the fast growth of electrosorption research, 

highlighting the promise of CDI as a potentially cost-effective technology to remove ions. Whereas the main focus of CDI has 

been on bulk desalination, there has been a recent shift towards electrosorption for selective ion separations. Heavy metals 

are pollutants that can have severe health impact and are present in both industrial wastewater and groundwater leachates. 

Heavy metal ions, such as chromium, cadmium, or arsenic, are of great concern to traditional treatment technologies, due 

to their low concentration and the presence of competing species. The modification/functionalization of porous carbon and 

recent developments of Faradaic and redox-active materials have offered a new avenue for selective ion-binding of heavy 

metal contaminants. Here, we provide an extensive review on the progress in electrosorptive technologies for heavy metal 

separations. We provide an overview of the wide utility and extensive studies using carbon-based electrodes for heavy metal 

removal. In parallel, we highlight the trend toward modification of carbon materials, new developments in Faradaic 

interfaces, and the underlying physico-chemical mechanisms that promote selective heavy metal separations. 

1. Introduction 

There is no formal definition for “heavy metals”, the term 

broadly refers to metals with high density or atomic weights.1 

Heavy metals present environmental concern because they are 

hazardous to human health, even at trace concentrations, with 

effects ranging from acutely toxic to carcinogenic after chronic 

exposure.2 Heavy metals contamination originates from both 

natural and anthropogenic sources. Millions of people are 

exposed to contaminated soil and drinking water where 

naturally occurring heavy metals in rock and sediment leach 

into water sources.3 Even in regions with clean drinking water, 

contamination continues to be a problem because heavy metals 

can be ingested from contaminated food.4 These toxic 

compounds are continuously discharged into the environment 

from industries such as electronic-circuit production, steel and 

other metal processing, and fine-chemical production. Heavy 

metal toxicity is worsened as heavy metals move up the food 

chain and bioaccumulate in living organisms.5, 6 

 Conventional processes for heavy metal removal, such as 

chemical precipitation and coagulation-flocculation, struggle 

with selectively removing heavy metals and produce large 

quantities of toxic solid sludge.6 Processes that are typically 

used for desalination can, in principle, be used to remove heavy 

metal ions, but they may become inefficient because heavy 

metal contamination exists at much lower concentrations than 

typical salts.7 Amidst research into novel ways to remove 

metals, such as various membrane,8, 9 bioelectrochemical,10 and 

photocatalytic processes,11, 12 electrosorption processes are 

emerging as an efficient and facile way to remove heavy metals 

and other ions from water.13-15  

Electrosorption refers to adsorption of a dissolved species 

onto an electrode, and the surface binding is promoted by an 

electric field.16 A typical electrosorption cell consists of two 

electrodes sandwiching a feed of water (Figure 1a). 

Electrosorption is induced by polarizing the electrodes with an 

applied voltage bias. Broadly, electrode materials are either 

redox active or non-redox active. In the case of non-redox active 

electrodes, charge is built up at the surface of the electrodes. In 

order to satisfy charge neutrality, ions of opposite charge are 

attracted to the polarized electrode by coulombic forces and 

electric charge is built up at the surface of the electrode, much 

like in an electric capacitor. At the surface of the polarized 

electrode, the ions form an electric double-layer.17  Utilizing this 

phenomenon to remove ions from solution, with non-redox 

active materials, is referred to as capacitive deionization (CDI). 

Ions are held in the double layer until the applied bias is stopped 

or reversed to discharge the electrodes. Upon discharge, the 

ions are liberated and the electrodes are regenerated. Because 

the CDI process stores charge, the energy used in an 

electrosorption process can partially be recovered, making 

them possibly more energy efficient than other ion removal 

techniques.18 For redox active materials, ions are captured to 

neutralize the change imbalance created by the redox reaction, 

as opposed to capturing ions in an electric double layer. Redox 

a. Department of Chemical and Biomolecular Engineering, University of Illinois at 
Urbana-Champaign, Urbana, Illinois 61801. 
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reactions involving the removal (or addition) of an electron 

from the electrode demand the addition of a anion (or cation) 

to satisfy charge neutrality. This process is sometimes referred 

to as electrochemical ion exchange. While the physical 

phenomena is slightly different, operation of electrosorption via 

electrochemical ion exchange is the same as with CDI. 

Regeneration of the electrode occurs when the opposite bias is 

applied, reversing the redox reaction and expelling the ions. 

Examples of electrode materials for electrochemical ion 

exchange include polyvinylferrocene and polypyrrole.19, 20 

Other redox materials that can remove metal ions are ion 

intercalation electrodes. These materials incorporate metal 

ions into the electrode crystalline structure though a redox 

reaction. While more commonly used as electrodes for 

batteries,21 a few of these materials have also been used for 

heavy metal ion removal. Electrosorptive and capacitive 

deionization processes are modular and can be combined with 

other ion removal technologies such as membranes,22-25 ion-

exchange resins,26 and microbial desalination techniques27 to 

improve efficiencies and leverage the advantages of the 

individual processes. 

CDI research has focused on water desalination and CDI has 

emerged as an energy and cost efficient method for removing 

salt at low concentrations from water.28 Materials such as 

activated carbon (AC) have frequently been used in CDI 

desalination studies because they are inexpensive and have 

high specific surface areas. CDI is most effective when the 

electrode has a high specific surface area, enabling much of the 

electrode material to participate in double-layer formation. 

While porous carbon materials are great for indiscriminately 

capturing all ionic species from water, electrosorption research 

is moving toward designing materials that can selectively 

remove certain ions of interest from competing ions.29-31 

This review provides an overview of recent and current 

research on electrosorption/CDI for As, Cd, Cr, Cu, Fe, Ni, Pb, V, 

U, Zn. In addition to porous carbon materials, we also focus on 

recent studies of surface modification of carbon, which can be 

used to control ion selectivity, as well as non-carbon materials 

that are being engineered to enhance ion selectivity and uptake 

capacity.  

2. Heavy Metal Electrosorption 

2.1 Arsenic 

While technically a metalloid, arsenic is often grouped with 

heavy metals because of its similar density and toxicity. Arsenic 

Figure 1 - Schematic of various CDI and electrosorption processes. Electrosorption processes are modular and can be combined with other 

ion separation techniques such as (b) membrane processes and can be (c) operated with flow electrodes. (d) Recent trends in electrosorption 

focus on designing materials that can selectively remove target ions. 
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is a toxic and carcinogenic element that can cause skin lesions, 

vomiting, diarrhea, convulsions, and death.3 Arsenic is primarily 

released into the environment from As-enriched minerals and 

arsenic contaminated drinking water threatens over 100 million 

people in Bangladesh, Cambodia, China, India, Laos, Myanmar, 

Nepal, Pakistan, Taiwan, and Vietnam.32. The World Health 

Organization (WHO) recommended limit of arsenic in drinking 

water is 10 µg/L and the United States Environmental 

Protection Agency (EPA) Maximum Contaminant Level (MCL) 

for arsenic is also 10 µg/L.33, 34 

Arsenic is most commonly found in the +3 and +5 oxidation 

states and As(III) is more toxic than As(V).35, 36 Under oxidizing 

conditions and at slightly acidic pH values, inorganic arsenic is 

most commonly found in the pentavalent form as H2AsO4
-. At 

higher pH values, this becomes HAsO4
2-. In reducing conditions 

and at pH values below 9.2, arsenic is generally found in the +3 

oxidation state as the neutral species H3AsO3.37 During As(III) 

electrosorption, it is common for As(III) to be oxidized to As(V) 

at the anode.38, 39 

Arsenic electrosorption studies have focused on AC 

electrodes (Table 1). The As uptake of AC electrodes can be 

enhanced when combined with other materials to make 

composite electrodes. Recently, redox-active polymer, 

poly(vinylferrocene), has been shown to be an extremely 

selective adsorbent for As electrosorption.40 
 

2.1.1 Activated Carbon Electrodes  

Electrosorption using electrodes made from wood AC powder 

(Sinopharm Chemical Reagent Company, China) removed As(III) 

and simultaneously oxidized As(III) into As(V) at the anode.38 

The amount of As(III) that was oxidized increased with pH, but 

the adsorption As declined in highly alkaline solutions (pH > 11) 

due to competition from OH- ions. These wood AC power 

electrodes removed 4.73 mg As/g AC from a 1 mmol As/L (75 

mg/L) solution at 1.0 V. Commercially available granular AC 

Darco 1220 removed 0.066 mg As/g AC at 1.0 V and 0.3 mg/g at 

1.5 V from a 100 µg As/L and 500 mg NaCl/L solution.41 When 

100 µg Cr/L was added to these 100 µg As/L solutions, the 

arsenic uptake was enhanced. This enhanced uptake was likely 

due to the formation of an insoluble As-Cr compound because 

As and Cr were removed in a 1:1 molar ratio. 

Around pH 6, AC (Filtrasorb 400, Chemviron Carbon Inc.) 

electrodes have a higher capacity for As(V) (10.31 mg/g) than 

for As(III) (7.57 mg/g) when adsorbing As from a 200 mg/L 

solution at a 1.2 V potential.39 The lower adsorption uptake for 

As(III) may have been because around pH 6, As(V) exists 

predominantly as anionic H2AsO4
-, while As(III) exists 

predominantly as neutral H3AsO3 and therefore a large fraction 

of As(III) was not electrostatically attracted to either electrode. 

In order for uncharged As(III) species to be electrosorbed, they 

needed to be oxidized at the anode to anionic As(V). The 

adsorption capacity of these Filtrasorb 400 AC electrodes 

decreased significantly when NaCl or natural organic matter 

(NOM, humic acid, Aldrich) was added to the arsenic containing 

solution. Negative Cl- ions and negatively charged NOM 

compete with arsenic for adsorption sites.  

 

 

 
 

 

Table 1 Arsenic  

Species Electrode Material Specific 

Surface 

Area (m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

As(III,V) Granular Activated 

Carbon (AC) 

650 1.0 V 100 µg/L 16 % 0.066 25.3 h 4.5 [41] 

   1.5 V 100 µg/L 83.2 % 0.337 18.6 h   

As(V) Granular AC 880 (BET) 1.5 V ~ 55 µg/L ~ 50 % 0.0031 24 h 8.2 [42] 

As(III) Wood AC Powder - 1.0 V 1 mmol/L (75 

mg/L) 

- 4.73  45 min  [38] 

As(V) AC  1396.11 1.2 V 10 mg/L - ~6.5 120 min - [43] 

 Reduced Graphene-Iron 

Composite (Fe-rGO) 

247.34 1.2 V 10 mg/L - ~14 240 min -  

 Fe-rGO @ AC - 1.2 V 10 mg/L - ~10 120 min -  

As(III,V) AC 964 1.2 V 0.13 mg/L 77 % 0.002 50 min - [44] 

As(V) AC 964 1.2 V 200 mg/L - 10.31   [39] 

As(III) AC 964 1.2 V 200 mg/L - 7.57    

As(V) AC-Poly(vinylidene 

fluoride) 

 2.0 V 1 mg/L 98.8 % -  9 [45] 

As(V) AC Fiber 121.11 1.5 V - - 4.05 (Langmuir fit 

maximum) 

  [46] 

 TiO2-AC Fiber 71.63 1.5 V - - 8.09 (Langmuir fit 

maximum) 

   

As(V) Poly(vinylferrocene) - 0.8 V vs 

Ag/AgCl 

1 mM (75 

mg/L) 

- ~75 - 5 [40] 
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The Filtrasorb 400 AC electrodes were effective at removing 

arsenic from contaminated ground water and decreased the As 

concentration from 0.13 mg/L to 0.03 mg/L from a sample of 

As-contaminated ground water.44 
 

2.1.2 Carbon-based Composite Electrodes 

The arsenic adsorption capacity of AC electrodes can be greatly 

enhanced when combined with other materials to make 

composite electrodes. The addition of TiO2 to AC fiber felt 

electrodes raised the adsorption capacity from 4.05 mg As/g 

(for the felt alone) to 8.09 mg As/g (Langmuir fit maximum) at 

1.5 V despite the decrease in specific surface area for the TiO2-

AC, as noted in Table 1.46 Electrodes made of AC and reduced 

graphene-iron composite (Fe-rGO) removed 13.00 mg As/g 

from a 10 mg/L solution at 1.2 V.43 Without the Fe-rGO, the AC 

alone removed just 6.57 mg/g. Composite electrodes containing 

AC powder and poly(vinylidene fluoride) removed 98.80% of the 

arsenic from a 1 mg/L solution upon the application of a 2 V 

potential.45 This 98.8% removal lowered the final concentration 

to 0.012 mg/L, very close to WHO and US EPA standards.  

Films containing carbon nanotubes (CNTs) and redox-active 

polymer poly(vinylferrocene) were able to adsorb about 75 mg 

As/g from a 1 mM As(V) (75 mg/L), 20 mM NaCl (1169 mg/L) 

solution upon the application of a 0.8 V vs Ag/AgCl potential.40 

Rather than holding As ions in an electric double-layer, 

poly(vinylferrocene), when oxidized, binds to arsenic oxyanions 

through charge transfer between the positive ferrocenium units 

and the negative oxyanions. Arsenic anions were selectively 

adsorbed over competing Cl- ions because the arsenic anions 

were more polarizable than Cl- and transferred more charge to 

the oxidized poly(vinylferrocene) resulting in a higher binding 

energy for arsenic anions than for Cl-. 

 

2.2 Cadmium  

Chronic cadmium exposure is associated with kidney disease, 

osteoporosis, cardiovascular disease, and cancer.47, 48 Cadmium 

contamination and exposure is most prevalent in Asian 

countries such as China, Japan, Thailand, and Sri Lanka.49-51 

Many people in these countries irrigate rice paddies using river 

water downstream from industrial sites, where cadmium-

containing ore is refined for electronic devices and batteries. As 

a result, cadmium builds up in the rice and in other crops, and 

exposure occurs through consumption of these crops.47, 52 In 

Jiangxi Province, China, researchers from the World Health 

Organization have determined that 99.5% of the residents’ 

cadmium intake originated locally grown crops due to the 

presence of tungsten ore processing plants upstream from 

farming communities.49 The WHO guideline value for Cd in 

drinking water is 3 µg/L and the US EPA MCL for Cd in drinking 

water is 5 µg/L.34, 53 Various electrode materials used for Cd 

electrosorption are listed in Table 2.  

 
2.2.1 Carbon-based Electrodes 

AC cloth (ACC, FM70) electrodes removed 31.85% of the Cd2+ 

present in a 0.5 mM Cd2+ (56.2 mg/L) solution at pH 3.8 and 1.2 

V.13 In competitive adsorption experiments, with the addition of 

0.5 mM Cr3+ (26 mg/L) and 0.5 mM Pb2+ (104 mg/L), these FM70 

ACC electrodes struggled to remove Cd. The Cd removal 

efficiency dropped from 31.85% in the individual removal 

experiment to 13.57% in the competitive removal experiment. 

Meanwhile, the removal efficiency for Cr only dropped from 

52.48% to 46.22% and the removal efficiency for Pb increased 

from 42.62% to 45.53% between the individual heavy metal 

removal experiments and the competitive removal experiment. 

Among the Cd, Cr, and Pb individual removal tests, Cd 

electrosorption showed the lowest electrosorption rate. Cd2+ 

electrosorption was hypothesized to be slower than Pb2+ and 

Cr3+ due to its hydraulic radius and charge. Ions with higher 

charge and smaller hydraulic radius are preferred in 

adsorption.13 Among the three ions, Pb2+ has the smallest 

hydraulic radius (Pb2+ < Cd2+ < Cr3+) which allowed it to be 

adsorbed quickly. While Cr3+ has the largest hydraulic radius, it 

adsorbed quickly because it has a higher charge than Pb2+ and 

Cd2+. The combination of these two effects may have caused 

Cd2+ to be out completed by the other ions in the competitive 

removal experiment. Carbon aerogels removed 97.5% of the Cd 

from a 200 mg/L solution at 1.2 V and pH 6.54 At lower pH 

values, the H+ concentration increases and H+ competes for 

adsorption sites in the aerogel pores.  

Modifying AC fiber electrodes with manganese (IV) oxide 

(ACF/MO) increased the electrodes’ adsorption capacity from 

2.33 mg/g for the AC fiber alone to 14.88 mg/g (Langmuir fit 

max.) at 1.5 V.55 It is likely the incorporation of MO allowed for 

Cd(II) removal via ion intercalation. Simulations of Cd(II) 

adsorption onto Mn3O4 (reduced from MnO2) showed a greater 

energetic reward than adsorption onto graphene layers. These 

ACF/MO electrodes removed 65.12% of the Cd from a 200 µg 

Cd(II)/L solution. When the ionic strength of the 200 µg Cd(II)/L 

solution was raised by adding 0.1 mol/L NaCl (5.84 g/L), the Cd 

removal increased to 79.63%. However, raising the ionic 

strength again by increasing the NaCl concentration to 0.2 

mol/L (11.7 g/L) decreased the removal back to 65.12%. 

 
2.2.2 Other Electrodes 

Electrodes made from birnessite, a manganese oxide commonly 

used for supercapacitors, removed 900.7 mg Cd/g from 2200 

mg/L solution at pH 6 and 0.9 vs SCE.56 While these birnessite 

electrodes showed great uptake capacity, Mn2+ leached out of 

the birnessite during the discharge process. In the absence of 

Cd2+, 3.40% of the Mn in the birnessite electrodes leached out 

and at 2200 mg/L Cd2+, 38.02% of the Mn in the birnessite 

electrodes leached out.  

Electrodes made by depositing polypyrrole on chitosan 

removed 51.1% of Cd from a 1000 mg/L solution at 1.5 V.20 

Polypyrrole captures Cd2+ through an electrochemical ion 

exchange mechanism. Polypyrrole typically has poor stability as 

an electrode so the chitosan was added to improve the stability 

of the polypyrrole. These polypyrrole/chitosan electrodes 

showed >97% regeneration through 10 charge/discharge cycles. 
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Table 2 Cadmium 

  

2.3 Chromium 

Chromium is a common pollutant due to its widespread 

industrial use and elevated levels of chromium in water and soil 

have been found in the US, the UK, Brazil, India, Mexico, 

Australia, Poland, Slovenia, China, Russia, and Italy.57, 58 In 

water, chromium is most commonly found in the +6 and the +3 

oxidation states.59 Almost all Cr(VI) in the environment 

originates from human activities and Cr(VI) species are highly 

soluble, toxic and carcinogenic.57 The most common Cr(VI) 

species are Cr2O7
2-, CrO4

2-, HCrO4
-, and H2CrO4. Cr(III) species are 

less toxic and can be precipitated out of solution as Cr(OH)3.59 

Cr(III) species also include Cr3+, Cr(OH)2+, and Cr(OH)2
+.60 Cr(VI) 

species are generally anionic while Cr(III) species are generally 

cationic, so the two different oxidation states of chromium will 

be attracted to different electrodes.61 Since Cr(VI) species are 

strong oxidizing agents, they are readily reduced to Cr(III) 

species:57  

 

Cr2O7
2- + 14 H+ + 6e- → 2 Cr3+ + 7 H2O 

 

As a result, electrochemical removal of chromium often 

involves the reduction of Cr(VI) species to Cr(III) species. The pH 

of the solution can affect the removal of Cr in several different 

ways. In general, a decrease in pH is associated with a decrease 

in Cr(III) adsorption, an increase in Cr(VI) adsorption, and an 

increase in the amount of Cr(VI) reduction.60 The WHO guideline 

value for Cr in drinking water is 50 µg/L and the US EPA MCL for 

Cr in drinking water is 100 µg/L.34, 53 

 
2.3.1 Activated Carbon Electrodes 

As with arsenic and cadmium electrosorption, AC is a popular 

material for the chromium electrosorption of due to its high 

specific surface area, good conductivity, and electrochemical 

stability and its popularity can be seen in Table 3.62 Different 

forms of plant waste have been used as carbon sources to make 

AC electrodes. AC derived from peach pits,63 corncobs,64 and 

Bael fruit shell65 have been shown to be effective materials for 

treating Cr-containing water. Three different ACs: a 

commercially available AC (Loba Chemie, Mumbai, India),66 AC 

prepared from tea waste biomass,67 and AC prepared from 

Limonia acidissima (wood apple) shell68 were used to remove 

Cr(VI) and F- from 10 mg Cr/L, 10 mg F/L solutions. Under a 

potential of 1.2 V, the commercially available AC showed the 

highest Cr(VI) uptake and most effective reduction of of both 

Cr(VI) and F-, removing 97.1% of Cr(VI) from the 10 mg Cr/L 

solution after two hours (Table 3). The AC from L. acidissima 

shells performed slightly worse, removing only 92.2% of Cr(VI) 

under the same conditions, and the AC from tea waste biomass 

had the lowest removal percentage of the three at 88.5%.  

Activated carbon cloth (ACC, FM70) removed 52.48% of the 

Cr3+ from a 0.5 mM Cr3+ (26 mg/L) solution at 1.2 V.13 This Cr3+ 

Species Electrode Material Specific 

Surface 

Area (m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Cd (II) Activated Carbon (AC) 

Cloth 

- 1.2 V 0.5 mM  

(56.2 mg/L) 

31.85 % - 120 min 3.8 [13] 

  - 0.6 V 0.5 mM 

(56.2 mg/L) 

16.31 % - 120 min 3.8  

  - 0 V 0.5 mM 

(56.2 mg/L) 

4.20 % - 120 min 3.8  

  - 1.2 V 0.05 mM 

(5.62 mg/L) 

41.87 % - 120 min -  

  - 0.6 V 0.05 mM 

(5.62 mg/L) 

21.97 % - 120 min -  

Cd (II) Carbon Aerogel (CA) - 1.2V 200 mg/L 97.50 % - 40 min 6 [54] 

  - 1.2V 200 mg/L 81.50 % - 40 min 4  

  - 1.2V 200 mg/L 71 % - 40 min 2  

Cd (II) Birnessite 14.2 0.9 V vs. 

SCE 

200 mg/L - 54.78 - 3 [56] 

  14.2 0.9 V vs. 

SCE 

200 mg/L - 196.5 - 4  

  14.2 0.9 V vs. 

SCE 

2200 mg/L - 900.7 - 6  

  14.2 0 V vs. 

SCE 

2200 mg/L - 125.8 - 6  

Cd (II) AC Fiber/MnO₂ - 1.5 V - - 14.88 (Langmuir fit 

max) 

180 min 6 [55] 

 AC Fiber - 1.5 V - - 2.33 (Langmuir fit 

max) 

180 min 6  

Cd (II) Polypyrrole/Chitosan 

Composite 

- 1.5 V 1000 mg/L 51.10 % - 60 min - [20] 
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removal rate was the higher than the removal rates for Cd2+ and 

Pb2+ under the same conditions (0.5 mM Cd2+ (56.2 mg/L) or 

Pb2+ (104 mg/L)), likely because Cr3+ has a greater charge than 

the other two ions. In a competitive heavy metal removal test, 

0.5 mM Pb2+ and 0.5 mM Cd2+ were added to the 0.5 mM Cr3+ 

solution and the ability of the electrode to remove Cr3+ 

decreased only slightly in the presence of Cd2+ and Pb2+ as the 

removal efficiency decreased from 52.48% to 46.22%.  

Treatment of AC fiber felt with nitric acid increased the felt 

surface area, and the resulting material could adsorb 17.75 

mg/g, whereas the untreated AC fiber felt could only adsorb 

11.47.62 

 
2.3.2 Other Carbon and Composite Electrodes 

Other forms of carbon such as aerogels and nanotubes can 

serve as electrode materials for the treatment of solutions 

containing chromium. Carbon aerogel electrodes have lower 

resistivity than activated carbon electrodes and do not require 

binding polymers that may degrade over time or obstruct 

adsorbent sites.69 However, a large portion of their surface area 

is inaccessible because their pores are often so small that the 

pore dimensions are of similar size as the thickness of the 

double layer, resulting in electrical double layer overlap.70 

Carbon aerogels were used to selectively lower the Cr 

concentration in groundwater from 30-35 ppb to 8 ppb with the 

application of a 1.2 V potential.69 Two carbon aerogels with 0.8 

Ah charge placed between could achieve greater than 99% 

removal of Cr from a 2 mg/L solution at a pH of 2.61 These same 

carbon aerogels also showed greater than 90% removal in 

experiments with 8 mg/L chromium and experiments with only 

0.3 Ah charge (Table 3). However, the performance of these 

electrodes dramatically decreased at more alkaline pH values as 

species such as Cr(OH)3 began to form. At constant 

concentration 8 mg/L and charge 0.8 Ah, 75% of the Cr was 

removed at pH compared to 96.5% at pH 2. 

Electrodes made of vertically aligned CNTs grown on 

stainless steel mesh, reduced and adsorbed Cr(VI) 

simultaneously.71 These CNT electrodes could reduce 96% of 

the Cr(VI) in a 12 mg/L solution at a potential of -1.4 V in 115 

minutes and adsorbed 746 mg/m2. Single-wall CNT coated 

stainless steel net electrodes (SWCNTs@SSN) also removed 

Cr(VI) by simultaneous reduction and adsorption.72 At a 

potential difference of 1 V, the SWCNTs@SSN electrodes only 

removed 6.5% of the total chromium. However, at a potential 

difference of 2.5 V, 97.4% of the total chromium was removed.  

Figure 2 Selective capture-and-release of Cr using polyvinylferrocene coated electrodes. These electrodes captured 

Cr(VI) and converted Cr(VI) to a less toxic Cr(III) upon release. (a) These electrodes showed great stability and 

recyclability over several discharge cycles; complete recovery of Cr was obtained for every cycle after the first. (b) 

The E-pH diagram for Cr speciation showing the conditions at which adsorption and desorption occurred. (c) 

Schematic of the Faradaic reactions that occur at each electrode during adsorption and desorption. Reproduced 

from ref. 40 with permission from Springer Nature, copyright 2019. 
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Table 3 Chromium 

 

Species Electrode Material Specific 

Surface 

Area (m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Cr(VI) Tea Waste Biomass 

Activated Carbon 

- 1.2 V 10 mg/L 88.50 % 0.7 120 min 7.1 [67] 

    100 mg/L 32.45 % 2.83 120 min -  

Cr(VI) Activated Carbon (AC) - 1.2 V 10 mg/L 97.10 % 0.85 120 min 7.2 [66] 

    100 mg/L 42 % 3.67 120 min -  

Cr(VI) Limonia Acidissima 

Shell AC 

- 1.2 V 10 mg/L 92.20 % 0.8086 120 min 7.2 [68] 

Cr(VI) MIL-53(Fe) and AC 

Coated Graphite 

- 1.3 V 50 mg/L 39.4 % - 160 min - [73] 

Cr(III) AC Cloth - 1.2 V 0.5 mM 

(26 mg/L) 

52.48 % - 120 min 3.8 [13] 

   0.0 V 0.5 mM 

(26 mg/L) 

41.52 %     

Cr(III,VI) Carbon Aerogel (CA) 400-1100 0.9 V 35 µg/L 71 % 

(10 ppb 

outlet) 

- - 7.4 [69] 

Cr(VI) Single Wall (SW) 

Carbon Nanotubes 

(CNT) 

380 2.5 V 6.41 mg/L 97.4 % - 240 min 4 [72] 

Cr(VI) CA 700 (BET) 0.8 Ah 2 mg/L 99.6 % - - 2 [61] 

   0.8 Ah 8 mg/L 96.5 % - - 2  

Cr(VI) Polyvinylferrocene - 0.8 V vs 

Ag/AgCl 

1 mM 

(52 mg/L) 

- ~ 100 - 5 [40] 

   0.8 V vs 

Ag/AgCl 

100 µg/L > 80 % - 4 h   

Cr(III, 

VI) 

CNT 36.6 (BET) -1.4 V vs 

SHE 

12 mg/L 96 % - 115 min 3 [71] 

Cr(VI) Porous Carbon 

(Corncob Biomass) 

952 2 V 30 mg/L 96.20 % - 160 min - [74] 

Cr(VI) AC Fibre Felt 1104.52 1.2 V 20 mg/L - 11.6 10 h 6 [62] 

   1.2 V 300 mg/L - 84 20 h -  

Cr AC (Peach Stones) 623 -1.4 V vs 

SCE 

236.62 mg/L 96 % - 11 h - [63] 

Figure 3 Synergistic conversion and removal of Cr by a photocatalysis and capacitive deionization system (PCS). 
Cr(VI) species are anionic and only attracted to the anode in a CDI system. By photocatalytically reducing Cr(VI) 
to Cr(III), which are typically cationic species, both the cathode and anode could be utilized to capture Cr. 
Reproduced from ref. 73 with permission from Elsevier, copyright 2019. 
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Across the tested range of pH 2-5, total chromium removal was 

maximized at pH 4. At higher pH, Cr(VI) was less likely to be 

reduced to Cr(III) and at lower pH, Cr(III) can form a large 

hydrated complex Cr(H2O)6
3+ which may black itself from being 

adsorbed. 

 
2.3.3 Synergetic Capture of Cr(VI) and Conversion to Cr(III) 

As presented in the studies previously mentioned, reduction of 

Cr(VI) to Cr(III) often occurs concurrently with Cr 

electrosorption. A number of Cr electrosorption processes have 

components specifically designed to reduce Cr(VI) to Cr(III), 

both using redox-active platforms as well as activated carbon.  

 Redox-active systems are attractive for selective separation 

and conversion due to their chemical tunability,75 reversibility 

of the electron-transfer process, electrocatalytic properties,76 

and associated energy storage capabilities.77-79  

Ferrocene-containing systems in particular can be 

heterogeneously immobilized onto conductive films, presenting 

electroresponsive properties in the heterogeneous form.77, 80 

Films containing redox-active polymer poly(vinyl)ferrocene 

(PVF) and CNTs were used as an adsorbent to remove Cr and As 

species from water.40 This PVF-CNT composite showed a 

maximum uptake above 100 mg Cr/g at 0.8 V vs Ag/AgCl from a 

1 mM Cr (52 mg/L) solution. The application of a positive 

potential oxidized the PVF ferrocene units into ferrocenium, 

which then formed ion pairs with the Cr(VI) species. PVF 

selectively adsorbed Cr(VI) and As(V) oxyanions in the presence 

of ClO4
- or Cl-. This selectivity was largely dictated by charge 

transfer interactions between the positive ferrocenium and 

negative anions. Since ClO4
- and Cl- are more electronegative 

and less polarizable than the Cr(VI) species, ClO4
- and Cl- 

transferred less charge to the oxidized PVF and bonded weakly. 

Upon applying a reducing potential, Cr(VI) was converted to the 

less toxic Cr(III) and desorbed from the electrode (Figure 2). A 

photocatalysis-CDI system (PCS) reduced Cr(VI) to Cr(III) while 

removing it from solution using CDI.73 The positive electrode 

was made of photocatalyst MIL-53(Fe), and the negative 

electrode was made of AC. Upon exposure to light, anionic 

Cr(VI) species embedded in the MIF-53(Fe) electrode were 

reduced to Cr(III), which are cationic. These Cr(III) cations then 

migrated to and adsorbed onto the AC electrode, allowing both 

electrodes to participate in electrosorption. This system could 

achieve up to 81.6% removal of Cr(VI) from a 50 ppm solution 

with an applied voltage of 1.3 V after 160 minutes, higher than 

the removal percentage achieved by photocatalysis or by AC 

adsorption alone (Figure 3). 

 

2.4 Copper 

Copper is a common heavy metal pollutant released from 

industrial processes such as circuit printing and metal plating 

and from corroding copper plumbing.81, 82 Copper 

concentrations in drinking water vary widely as Cu levels in 

running and fully flushed water tend to low while Cu levels in 

standing or partially flushed water can be much higher.82 

Elevated levels of copper contamination in drinking water have 

been recorded in various locations across the US, Canada, 

Sweden, and Germany.82 Although acute toxicity requires very 

high levels of copper, individuals with genetic disorders such as 

Wilson’s disease can suffer from the accumulation of copper in 

their brain, kidneys, and liver. In some cases, high levels of 

copper can cause liver damage.83 The WHO guideline value for 

copper in drinking water is 2 mg/L and the US EPA Action Level 

for copper is 1.3 mg/L.34, 53 

Copper is one of the most commonly studied heavy metals 

in electrosorptive processes. Generally, Cu removal through 

electrosorption or CDI is most effective in slightly acidic 

solutions. Table 4 lists the best electrosorptive performances 

reported by various studies and most of them occur at pH 4 or 

5. In more acidic solutions, there is more competition between 

Cu2+ and H+ for adsorption sites, and in alkaline solutions, 

copper can form an insoluble hydroxide compound.84-86 In some 

cases, the reduction and deposition of Cu metal can impact the 

performance of electrosorptive or CDI systems.87-89 

 
2.4.1 Activated Carbon Electrodes 

ACs from a wide variety of sources have been used as electrode 

material for Cu removal. Commercially available AC (Filtrasorb 

400, Chemviron Carbon Inc.) had a maximum uptake of 24.57 

mg/g under a potential of 0.8 V, showed good regenerative 

ability, and remained effective in the presence of natural 

organic matter (NOM) and NaCl.90 The removal capacity of this 

Filtrasorb 400 AC electrode from a 50 mg Cu/L solution changed 

from 2.48 to 2.39 to 2.21 mg/g as the NaCl concentration 

increased from 0.001 to 0.01 to 0.1 M. A different AC electrode 

(named AG-3V) reached uptakes up to approximately 30 mg/g 

from 500 mg/L at 0 V vs Ag/AgCl.91  

Polyacrylonitrile-based AC fiber cloths modified with either 

a chitosan solution or by a nitric acid wash showed increased 

removal capacity after modification.81 Although these 

treatments resulted in a lower surface area, the HNO3 and 

chitosan modifications improved uptake from 24.7 mg/g 

(unmodified) to 32.8 mg/g (nitric acid) and 54.3 mg/g (chitosan). 

Increased uptake was attributed to the increase of functional 

groups (carboxyl groups for the nitric acid treated AC and the 

increase in hydroxyl and amine groups for the chitosan modified 

AC) that promote binding to heavy metals. 

 
2.4.2 Other Carbon Electrodes 

Carbon aerogels can also be used to specifically adsorb Cu2+ 

ions.92 Carbon aerogels can be synthesized by stirring together 

resorcinol and formaldehyde in the presence of a sodium 

carbonate solution as a catalyst.93 The resorcinol to catalyst 

(R/C) ratio of carbon aerogels synthesized in this manner 

impacts their surface properties and their adsorption capacities. 

Aerogels made with five different R/C ratios between 330 and 

1530 showed Cu2+ capacities ranging from 29.7 mg/g for 1030 

R/C to below 10 mg/g for 830 R/C in a 100 mg/L CuSO4 solution 

and under a potential of 1.2 V. A more comprehensive list is 

given in Table 4. 

Modification of aerogel electrodes, such as combining 

aerogels with other materials to make composite electrodes 

and doping aerogels with heteroatoms, can improve the 

capacity of aerogel electrodes. Under a 1.2 V potential, 
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unmodified carbonaceous aerogels had a capacity of 30.35 

mg/g, while aerogels modified with Fe2O3, CeO2, and TiO2 had 

capacities from about 41.42, 49.28, 57.13 mg/g, respectively.94 

The aerogels modified with TiO2 also showed excellent stability, 

retaining 96% of their capacity after 1000 adsorption-

desorption cycles. The uptake of Cu2+ onto 3D graphene aerogel 

could be controlled by sulfur and/or nitrogen heteroatom 

doping.95 S-doped aerogels had a maximum capacity of 166.5 

mg/g and were more effective than the N-doped gels or the S, 

N-codoped gels which had capacities of 119.9 mg/g and124.4 

mg/g, respectively. This is consistent with Hard-Soft-Acid-Base 

theory. Since S is softer than N, the S-doped aerogels should 

therefore interact more favorably with soft heavy metal ions. 

The removal ratio for Cu2+ was higher than the ratio for Pb2+, 

Hg2+, and Cd2+ in these S/N doped aerogels, possibly because 

Cu2+ has the smallest hydrated radius.  

Ordered mesoporous carbon (OMC) electrodes were able to 

adsorb 56.62 mg Cu/g from a 200 mg Cu/L solution under a 

potential of 0.9 V, substantially more than electrodes made of a 

commercially available AC (AW ACF) (16.02 mg/g) under the 

same conditions.84 While the AW ACF electrodes had a much 

higher specific surface area (1294 m2/g) than the OMC 

electrodes (487 m2/g), most of the surface area of the AW ACF 

electrodes was formed by micropores, which were too small for 

the Cu2+ ions to access. The addition of a chelating agent, such 

as citric acid or ethylenediaminetetraacetic acid (EDTA), to Cu 

containing solutions can increase the electrosorption capacity 

of ordered mesoporous carbon.96 While free Cu2+ is generally 

adsorbed to the cathode, Cu-EDTA complexes are negatively 

charged and are attracted to the anode. In the absence of 

chelating agent, OMC electrodes removed 35.9 mg Cu/g from 

50 mg/L solution at pH 4. The addition of a chelating agent in a 

10/1 Cu/chelating agent ratio increased the adsorption capacity 

to 70.18 mg/g for citric acid and 59.26 mg/g for EDTA.  

CNTs and carbon nanofibers (CNFs) are commonly used 

electrode materials for Cu electrosorption due to their high 

specific surface areas and good electrical conductivity.97, 98 CNT-

CNF films used to electrosorb Fe3+, Cu2+, Zn2+, and Na+ had ion 

electrosorption capacities in the order of Fe3+ > Cu2+ > Zn2+ > 

Na+.70 This order can be explained by the charge and hydrated 

radii of the ions. Ions with higher charge were more easily 

adsorbed onto the electrode under the effect of an electric 

field. For ions with the same charge, the size of their hydrated 

radius dictates adsorption behavior. Ions with a smaller 

hydrated radius adsorb more easily and, in this case, the 

hydrated radius of Cu2+ is smaller than that of Zn2+ so Cu2+ is 

preferentially adsorbed compared to Zn2+. Electrosorption tests 

on N-doped graphene nanosheets showed a similar trend, with 

the electrosorption rate of Fe and Cu ranking first and second 

among 9 different metal ions.99 Cu adsorbed quickly onto the N-

doped graphene nanosheets because Cu2+ has a strong affinity 

to complex with hydroxyl groups on the surface of the graphene 

nanosheets.  

 
2.4.3 Metal-Oxide and Metal-Sulfide Composite Electrodes 

Modifying carbon electrodes with metal-oxide and metal-

sulfide materials to make composite electrodes can improve 

their Cu uptake capacity. A Fe3O4/porous graphene 

nanocomposite was able to remove more Cu2+ from 0.03 mM 

Cu2+ (1.91 mg/L) solution than pure porous graphene from 0.03 

mM Cu2+, and these graphene electrodes also removed Pb2+ and 

Cd2+ at efficiencies very similar to their Cu2+ removal 

efficienies.100 Porous graphitic carbon nanosheets from 

sugarcane bagasse functionalized with Fe3O4 nanoparticles 

removed more than 90% of every heavy metal ion from a 

mixture of 0.5 mg/L Mg2+, Zn2+, Cu2+, Cd2+ and Pb2+ each.101 A 

composite material containing reduced graphene oxide and 

TiO2 nanotubes (rGO-TNT) could achieve a Cu2+ uptake of 

253.25 mg/g from an 80 mg/L Cu2+ solution under a potential of 

1.2 V. 102 On a molar basis, the rGO-TNT electrodes showed a 

strong preference for Cu2+ (3.99 mmol/g or 253.5 mg/g) over 

Pb2+ (1.17 mmol/g or 242.4 mg/g), possibly due to the smaller 

size and higher reduction potential of Cu2+ ions. The addition of 

ZnS improved the adsorptive capacity of carbon felt electrode 

more than FeS.86 The addition of FeS or ZnS to active carbon felt 

(ACF) electrodes improved Cu2+ adsorption from 12 mg/g (ACF) 

to 18 mg/g (ACF-FeS) or 27.4 mg/g (ACF-ZnS) from 100 mg 

Cu2+/L solution at -0.2 V. Adding 150 mg/L Cr3+ only decreased 

the ACF-ZnS Cu2+ electrosorption capacity from 27.4 mg/g to 

23.5 mg/g.  

A MnO2/carbon fiber composite electrode had a maximum 

adsorption capacity of 172.88 mg/g under a potential of -0.8 V. 
85 Birnessite, a redox active manganese oxide-based mineral, 

has showed an electrosorption capacity of 372.3 mg/g after 30 

charge-discharge cycles between 0.4-0.9 V vs SCE.103 These 

electrodes captured Cu2+ by intercalating cations when the 

Mn(IV) in birnessite was reduced to Mn(III). The adsorption 

capacity of the birnessite electrodes increased after each 

charge-discharge cycle because Cu2+ formed stable inner-

sphere complexes with birnessite. As a result, Cu2+ was not 

completely desorbed during the oxidation of birnessite and 

accumulated with each cycle. 

 
2.4.4 Polymer Electrodes 

Several different organic polymers have been investigated for 

their ability to remove Cu2+. A poly(m-phenylenediamine) 

(PmPD) electrode was found to have an uptake of 123 mg/g in 

a 3 mM Cu2+ (191 mg/L) solution.104 The optimal voltage for Cu2+ 

removal was -0.3 V vs SCE as decreasing the potential below -

0.3V vs SCE reduced water and showed bubbles on the surface 

of the PmPD electrode. The negative potential not only 

increased the electrostatic attraction between the Cu2+ ions and 

the PmPD electrode, it also increased the presence of imine 

structures in the polymer that chelate Cu2+. Electrodes PmPD on 

reduced graphene oxide exhibited similar behavior had a 376.8 

mg/g capacity at a 5 mM Cu2+ (318 mg/L) concentration and -

0.3 V vs SCE.105 The reduced graphene oxide provided 

conductivity and mechanical strength that improved the 

efficiency and regeneration ability of PmPD.  

A composite electrode made from chitosan and polypyrrole, 

a conductive polymer, showed Cu2+ uptakes as high as 99.67 

mg/g, and it removed other metal ions such as Ag+, Pb2+, and 

Cd2+ at rates similar to its Cu2+ removal rate.20 An electrode 

containing polypyrrole, chitosan, and CNTs showed Cu2+ 
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uptakes of up to 19.2 mg/g, which was slightly less than its 

capacity for Fe3+ (22.3 mg/g) but more than its capacity for Ag+ 

(17.9 mg/g).106 An electrode made from chitosan and sodium 

phytate supported on polyethylene glycol terephthalate could 

remove 88% of Cu2+ from a 10 mg/L stream when a potential of 

1.2 V was applied.107 

 
2.4.5 Membrane-augmented CDI 

Figure 4 Schematics of a combined CDI-electrodeionization (EDI) water remediation apparatus. This CDI-EDI system purifies wastewater 

through a combination of electrosorption and ion exchange. For this system, the wastewater stream of CuSO4 is fed into the anode and 

cathode chambers and a concentrate salt solution of Na2SO4 is fed into the middle chamber. The cathode and anode chambers are filled 

with their corresponding resins to further increase the chamber’s affinity for ions of a specific charge. The first step is to pass the feed 

through the apparatus with <4.0 mA so Cu (II) in the anode chamber is removed from solution in a 3-step process. In step one, the feed 

stream is passed into each of the electrode chambers. In the anode chamber, Cu (II) can either bind to the cation exchange resin or pass 

through the cation membrane into the salt concentrate chamber. In the cathode chamber, the Cu (II) ions can undergo electrosorption. The 

second step involves resin regeneration with acid and base generated by hydrolysis. In this study, the current was raised above 4.0 mA to 

generate protons in the anode chamber that could regenerate the cation resin so the Cu (II) can flow into the concentrate chamber. In the 

cathode chamber, hydroxide ions can displace the SO4
2- into the concentrate. The final step is to regenerate the electrodes by reversing the 

potential across the electrodes. While the potential is reversed, the effluents from the anode and cathode chambers are recycled into the 

opposite chamber to remove the remaining ions. This technology was able to achieve a 95.7% and 87.6% removal efficiency for the anode 

and cathode chambers, respectively, with a starting Cu (II) concentration of 42.9 mg/L and a specific surface area of 2100 m2/g. Reproduced 

from ref. 26 with permission from Elsevier, copyright 2019.
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Membrane CDI with AC fiber electrodes was used to remove 

Cu2+ and Zn2+ from water, and the adsorption capacity at 1.2 V 

in a 500 mg/L solution was found to be 108.7 mg/g for Cu2+ and 

122.6 mg/g for Zn2+.87 At voltages from 0.4 to 0.6 V, Cu2+ 

adsorption capacities were greater than adsorption capacities 

of Zn2+, possibly due to the smaller hydrated radius of Cu2+. At 

voltages between 0.8 – 1.2 V, the amount of Zn2+ adsorbed was 

greater than that of Cu2+, likely because at voltages above 0.6 V, 

Cu2+ reduced and deposited on the electrode as Cu and Cu2O, 

which decreased the surface area of the electrode.  

A novel CDI-electrodeionization process combining ion-

exchange membranes and resins was able to remove 95.7% of 

the copper from a 42.9 mg/L solution.26 This system involved 

three chambers separated by ion-exchange membranes: an 

anode chamber, a cathode chamber, and a concentrated 

chamber located between them. CuSO4 was adsorbed onto AC 

electrodes in the anode and cathode chambers while being 

enriched in the concentrated chamber, making it a useful 

technology for both water purification and resource recovery 

(Figure 4). 

Table 4 Copper 

Species Electrode Material Specific 

Surface 

Area 

(m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy 

Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Cu(II) Reduced Graphene Oxide-

Titanium Dioxide Nanotubes 

511.226 1.2 V 80 mg/L - 253.25 120 min - [102] 

Cu(II) Fe3O4-Graphene 

Nanocomposite 

- 1.2 V 0.3 mM 

(19.1 mg/L) 

~ 80 % - - 6.1-

7.1 

[100] 

   1.2 V 0.03 mM 

(1.91 mg/L) 

~ 85 % - - 6.1- 

7.1 

 

Cu(II) Carbon Aerogel (CA) 

Resorcinol/Catalyst (R/C) = 

300 

832 1.2 V 100 mg/L ∼ 55 % ∼ 20 - - [93] 

 CA R/C = 500 2177 1.2 V 100 mg/L ∼ 75 % ∼ 14    

 CA R/C = 800 1496 1.2 V 100 mg/L ∼ 40 % ∼ 7    

 CA R/C = 1000 2057 1.2 V 100 mg/L ∼ 75 % 29.7    

 CA R/C = 1000 2057 1.5 V 100 mg/L 85.4 % 25.78    

 CA R/C = 1500 2188 1.2 V 100 mg/L ∼ 60 % 12    

Cu(II) Carbon Nanotubes (CNT) – 

Nanofibers (CNF) 

121.22 1.4 V 151.1 µg/L 90.7 % 0.137 - - [97] 

Cu(II) MnO2-Carbon Fiber -0.8 V - 6 mg/L - 145.42 24 h 5 [85] 

Cu(II) Ordered Mesoporous Carbon 

(OMC) 

1410 0.9 V 200 mg/L - 56.62 - 4 [84] 

Cu(II) OMC 487 0.8 V 50 mg/L - 44.48 5 h 5 [96] 

Cu(II) Activated Carbon Fiber (ACF) 

Cloth 

1294.3 0.3 V 100 mg/L - 0.386 mmol/g 

(24.5 mg/g) 

12 h 4 [81] 

 ACF-Modified w/ Nitric Acid 1209.3 0.3 V 100 mg/L - 0.482 mmol/g 

(30.6 mg/g) 

12 h 4  

 ACF-Chitosan 1123.3 0.3 V 100 mg/L - 0.969 mmol/g 

(61.6 mg/g) 

12 h 4  

Cu(II) AC 964 (BET) 0.8 V 50 mg/L - 2.48 200 min 5 [90] 

Cu(II) Zn-S Decorated Active Carbon 

Felt (ACF) 

29.75 

(BET) 

-0.2 V 100 mg/L - 27.4 100 min 5 

 

[86] 

 FeS-ACF 12.5 (BET) -0.2 V 100 mg/L - 18 100 min 5  

 ACF 11.9 (BET) -0.2 V 100 mg/L - 12.2 100 min 5  

Cu(II) Poly(m-phenylenediamine) 

Paper (PmPD) 

- -0.3 V vs 

SCE 

3 mmol/L 

(190 mg/L) 

- 123 - - [104] 

Cu(II) CA -  1.2 V 200 mg/L - 30.353 - 5 [94] 

 CA-TiO2 282.1 

(BET) 

1.2 V 200 mg/L - 57.134 - 5  

 CA-CeO2 222.7 

(BET) 

1.2 V 200 mg/L - 49.281 - 5  

 CA-Fe3O4 262.6 

(BET) 

1.2 V 200 mg/L - 41.424 - 5  

Cu(II) PmPD /Reduced Graphene 

Oxide 

- -0.3 V vs 

SCE 

5 mM 

(318 mg/L) 

 376.8 - - [105] 
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2.5 Iron 

Iron poisoning typically occurs due to the accidental ingestion 

of large doses of iron, and it can lead to vomiting, diarrhea, and 

liver damage.83 Iron in ground water originates from iron-

containing rock and it is common to find iron in ground water in 

many geographical areas around the globe because iron is very 

abundant; iron makes up about 5% of the Earth’s crust.108 

Comparatively little research has been done on the removal of 

iron from solutions through electrosorption or CDI (Table 5).  
 

2.5.1 Carbon Electrodes 

Graphene nano-flakes were used to remove FeCl3 from water 

through electrosorption and had a maximum electrosorptive 

capacity of 0.88 mg/g at an applied potential of 2.0 V.109 

Because Fe3+ is more highly charged than many other cationic 

species, it is generally easier to remove by electrosorptive 

processes so despite having the largest hydrated radius, the 

graphene nanoflakes removed Fe3+ faster than Ca2+, Mg2+, and 

Na+. A CNTs-CNFs composite film electrode could remove Fe3+ 

more rapidly than Cu2+, Zn2+, and Na+, again, because Fe3+ is 

more charged than the other ions.70 Fe2+ had the fastest 

removal rate onto N-doped graphene nanosheet electrodes 

despite the presence of many other metal cations with a 2+ 

charge.99 This was likely because Fe2+ was oxidized to Fe3+. Fe3+ 

could out-compete the other ions for adsorption sites because 

of its higher charge and greater affinity for hydroxyl groups on 

the electrode surface.  

 

Table 5 Iron 

   -0.3 V vs 

SCE 

0.25 mM 

(15.9 mg/L) 

80.3 % - 2 min -  

Cu(II) AC cloth 1000 1.2 V 7.5 mM 

(477 mg/L) 

62% - 3 hours - [88] 

Cu(II) Crumpled N-doped Graphene 

Nanosheets 

695 1.2 V 200 ppm 

(200 mg/L) 

~ 100 % 498 30 min - [99] 

Cu(II) Chitosan-Sodium 

Phytate/Polyethylene Glycol 

Terephthalate 

8.9 1.2 V 10 mg/L 88% 8.96 7 h - [107] 

Cu(II) AC Fiber 1384.2 1.2 V 500 mg/L - 108.7 - - [87] 

Cu(II) S-doped 3D Graphene 

Aerogels (3DGA) 

481 -0.3 V vs 

SCE 

- - 166.5 max 1 min N/A [95] 

 N-doped 3DGA 434 -0.3 V vs 

SCE 

- - 119.9 max    

 S,N-codoped 3DGA 443 -0.3 V vs 

SCE 

- - 124.4 max    

Cu(II) Birnessite 75 0.4-0.9 V 

vs SCE 

2200 mg/L - 372.3 - - [103] 

   0.4-0.9 V 

vs SCE 

200 mg/L - 115 - -  

   0.0-0.9 V 

vs SCE 

200 mg/L - 236.4 - -  

Cu(II) Carbon Aerogel 412 1.2 V ~ 75 mg/L - ~ 1.1 4 h - [92] 

Cu(II) CNT-CNF Composite Films - 2 V 50 µS/cm 

CuCl2 

> 90 % N/A 60 min - [98] 

Cu(II) Polypyrrole/Chitosan/CNT 

composite 

33.51 0.8 V 250 mg/L 47.42 % 23.8 30 min - [106] 

Cu(II) Polypyrrole/Chitosan  - 1.5 V 1000 mg/L 49.83 % 99.67 60 min - [20] 

Species Electrode Material Specific 

Surface 

Area (m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Fe(III) Carbon Nanotubes-

Carbon Nanofibres 

Composite Film 

- 1.2 V 1.5 mM 

(83.8 mg/L) 

~ 25 % - - - [70] 

Fe(III) Graphene Nano-

Flakes 

254 0.8 V 20 mg/L FeCl3 - 0.2 30 - [109] 

   2 V   0.49    

Fe(II) Crumpled N-doped 

Graphene 

Nanosheets 

695 1.2 V 10 ppm 

(10 mg/L) 

> 90 % - 15 mins - [99] 
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Table 6 Nickel 

 

2.6 Nickel 

Nickel is a potential carcinogen and can cause other health 

problems such as gastrointestinal distress and pulmonary 

fibrosis.3, 111 Reports of high nickel concentration in water 

typically arise from nickel leaching out of stainless steel 

plumbing.113 The WHO guideline value for nickel in drinking 

water is 70 µg/L.34 Various nickel electrosorption results are 

reported in Table 6.  

 

2.6.1 Carbon-based Electrodes 

Multi-walled CNTs were used to remove Ni2+ had maximum 

uptake of 145.73 mg/g.110 The CNTs performed better in more 

alkaline solutions since Ni2+ had less competition from H+ for 

adsorption sites. Nanoneedle-structured α-MnO2/carbon fiber 

paper composite (MnO2/CFP) electrodes were synthesized and 

showed an uptake of 16.4 mg Ni2+/g upon the application of a -

1.3 V potential.111 This uptake was much higher than the uptake 

of carbon fiber paper alone (0.034 mg/g) under the same 

conditions. However, during nickel removal, Mn2+ ions were 

released by partial reduction of MnO2. An asymmetric electrode 

cell, consisting of a MnO2/CFP positive electrode and an AC 

negative electrode was used to removal the leached Mn2+ and 

could decrease the Mn2+ concentration from 100 ppm to less 

than 2 ppm. 

 
2.6.2 Other Electrodes  

Birnessite, a mineral containing MnO2, was combined with CNTs 

to make HB/CNT electrodes with increased specific area and 

conductivity.112 The composite could adsorb 155.6 mg Ni2+/g 

after 12 hours under a potential of 0 V vs SCE. This adsorption 

capacity was higher than that of the birnessite alone (96.6 

mg/g) or CNTs alone (~ 0 mg/g). Electrosorption was induced by 

reduction of manganese in the electrode from Mn(IV) to Mn(III) 

and Mn(II) and this reduction is accompanied the insertion of 

Ni2+ or Zn2+.  

 

2.7 Lead 

Lead is used in many processing industries such as ammunition, 

battery, paint, alloy, and glass making operations. Large 

amounts of lead have been discharged in into the environment 

as a result of poorly controlled industrial activity.114 Exposure to 

lead is especially common in low and middle-income 

countries.115 Marginalized populations in places such as La 

Oroya, Peru116 and Torreon, Mexico117 are more likely to live 

close to toxic waste sites. Consumption of lead contaminated 

water can cause damage to liver, kidney, brain and nervous 

system.13 Due to its high toxicity and tendency to 

bioaccumulate, lead was listed by the US Environmental 

Protection Agency as one of the priority pollutants.118 The WHO 

guideline value for lead in drinking water is 10 µg/L and the US 

EPA Action Level for lead in drinking water is 15 µg/L.34, 53 

 
2.7.1 Activated Carbon Electrodes 

AC can be obtained easily from a wide range of raw materials 

through thermal or chemical activations.119 AC obtained from 

date stones achieved an adsorption capacity of 17.71 mg/g and 

desorption capacity of 17.02 mg/g from a 5 mg Pb/L solution at 

0.13 V vs SCE.120 When a negative potential is applied, the 

electrode reduces water into hydrogen gas and hydroxyl ions. 

This increases the pH of the solution at the electrode surface 

and enables Pb2+ ions bind to hydroxyl and carboxylic acid 

groups by reactions such as:120, 121 

 

R– COOH + OH- → R – COO- + H2O 

2R – COO- + Pb2+ → (R – COO-)2Pb2+ 

 

When reversing the applied potential, the AC acts as the anode 

and oxidizes water, decreasing the pH at the electrode. The 

reaction will be reversed, and the electrode can be regenerated: 

 

2H2O →4H+ + O2 + 4e- 

(R – COO-)2Pb2+ + 2H+→ 2R – COOH + Pb2+ 

 

2.7.2 Other Carbon Electrodes 

Graphene is another carbon-based material that is effectively 

used for electrosorption because it has a large theoretical 

specific surface area, 2630 m2/g, and has higher conductivity 

than other carbon materials.122 However, the graphene 

lamellae tend to agglomerate due to the strong π–π interaction 

between graphene sheets.123 This agglomeration greatly 

reduces the specific surface area and conductivity of graphene. 

A three-dimensional framework structure was developed from 

graphene sheets to address this issue and the interconnected 

hierarchical porous structure of this three-dimensional 

graphene (3DG) further enhanced ability to uptake lead as an 

electrode material in electrosorption.124 Under an applied 

Species Electrode Material Specific 

Surface 

Area (m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Ni(II) Multi-Walled CNTs - 1.6 V 50 mg/L - 145.73 max 60 min - [110] 

Ni(II) Nanostructured alpha-

MnO2/Carbon Paper 

Composite 

42.3 -1.3 V 100 ppm 

(100 mg/L) 

88.90% 16.4 120 min - [111] 

 Activated Carbon (AC) 633 -1.3 V 100 ppm 30.20% 2.2 120 min -  

Ni(II) Birnessite/CNT 

Nanocomposites (45.6% 

MnO2) 

143 0 V vs SCE 50 mg/L N/A 155.6 12 h  [112] 
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voltage of 1.4 V and pH 6, a 3DG electrode grafted with 

ethylenediamine triacetic acid (EDTA) achieved a high Pb2+ 

removal efficiency of 99.9% from a 140 mg Pb/L solution and 

desorbed 94.3% of the Pb after 8 cycles. The addition of EDTA 

to the electrode enables Pb2+ ions to be captured through a 

chelation reaction, which provided another driving force in 

addition to the electrostatic attraction of Pb2+ to the electrode. 

Graphene’s selectivity for Pb2+ could be controlled with 

nitrogen doping.125 Graphene doped with softer pyrrolic-N 

showed a greater affinity toward soft Pb2+ ions than graphene 

doped with harder pyridinic-N (Figure 5). The performance of 

electrodes made with these N-doped graphenes is listed in 

Table 7. 

Graphene sheets can also be rolled up to produce carbon 

nanotubes (CNTs) and the hollow and layered structure of CNTs 

makes them a good electrode material in capacitive 

deionization.126 CNT electrodes oxidized with nitric acid 

achieved a Pb2+ adsorption capacity of 15.6 mg/g.126 The 

electrosorption performance of CNTs can be enhanced greatly 

when combined with other materials in composite electrodes. 

A single walled-CNT coated stainless steel net (SSN) electrode 

achieved Pb2+ removal efficiencies ranging from 97.2% to 99.6% 

from aqueous solutions with Pb2+ concentration varied between 

20 mg/L to 150 mg/L after 90 minutes under an applied 

potential of -2.0 V vs SCE.114 Activating CNT electrodes by air-

plasma to produce P-air electrodes increased the BET specific 

surface area from 95 to 106 m2/g and increased the adsorption 

capacity of the electrodes from 1.36 mg/g (untreated) to 2.40 

mg/g (P-air) in Pb2+ solutions of 5 mg/L at a voltage of 450 mV.127  

Electrodes made by electrodepositing reduced graphene 

oxide (rGO) on a SSN achieved an overall better performance 

compared to the SSN alone.128 The advantage of synthesizing 

the composite electrode via electrodeposition versus using 

polymeric binders is that binders can destroy the electrode 

surface and increase its electrical resistance.129 The rGO coating 

also provides high protection against corrosion and supplies 

active sites for Pb2+ adsorptions. This feature enhanced the 

effectiveness of rGO/SSN electrode for lead treatment in 

wastewater. The removal efficiency of rGO/SSN electrode 

reached 97.2% of 1000 mg Pb/L, which was about 12% higher 

than the SSN electrode with a 4.45 times higher removal rate.128 

 Graphene aerogels (GAs), made from graphene oxide (GO), 

showed improved ability to remove Pb2+ when doped with 

nitrogen to make nitrogen-doped graphene aerogels (NGAs).130 

The NGAs could remove about 42% of the Pb2+ from a 1 mM 

Pb2+ (207 mg/L) solution at -0.3 V vs SCE while the GAs could 

only remove about 39% of the Pb2+ and reduced graphene oxide 

(rGO) could only remove about 36% of the Pb2+ at the same 

conditions. The enhanced electrosorptive ability was attributed 

to the intrinsic charges on NGAs attracting Pb2+, the greater 

surface area of the NGAs (434.4 m2/g for NGAs, 393.4 m2/g for 

GAs, and 16.9 m2/g for rGO), and coordination between doped 

nitrogen atoms and Pb2+. These effects contributed to the NGAs 

high electrosorption capacity (650.4 mg/g). Crumpled nitrogen-

doped graphene (CNG) nanosheets used for membrane-CDI 

(MCDI) achieved an electrosorption capacity of 521 mg Pb2+/g 

from 200 ppm Pb2+ at 1.2 V.99 This high electrosorption capacity 

was attributed to the CNG providing a large ion-accessible 

Figure 5 Electrosorptive selectivity toward soft Pb2+ ions could be controlled by the amount of pyrrolic-N and pyridinic-N added to graphene 

electrodes. The synthesis route using aniline produced electrodes with more pyridinic-N (N-6-G) while the synthetic route using 

ethylenediamine (EDA) produced electrodes with more pyrrolic-N (N-5-G). The electrodes with a greater amount of soft pyrrolic-N (N-G-6) 

showed a greater affinity toward soft Pb2+ ions. Reproduced from ref. 125 with permission from Elsevier, copyright 2019. 
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surface area, a porous structure that created a highly 

conductive network and enabled fast ion transport. The N-

doping also not only help create the crumpled structure, but the 

N dopants formed activated sites that could participate in the 

electrosorption of ions. Graphene oxide-bearing nickel foam 

(GO/NF) electrodes were also highly effective at removing Pb2+ 

and had an electrosorption capacity of 663 mg/g from an initial 

concentration of 100 mg/L at 1.2 V.121 This GO/NF had a 

negative surface and owed many oxygenous functional group 

which could adsorb Pb2+ even without the application of an 

electric field (193.5 mg/g at open circuit). X-ray photoelectron 

spectroscopy showed the relative area of hydroxyl-character 

carbon reduced from 26.98% of the total carbon before 

adsorption to 7.98% after adsorption of Pb2+ suggesting 

hydroxyl groups complexed with Pb2+. This complexation, in 

addition to the electrostatic attraction from an applied electric 

field, explains the high electrosorption capacity of GO/NF.  
 

2.7.3 Composite Electrodes 

Various composite electrodes have been derived from carbon 

materials with improved electrosorptive properties.119, 131 

Reduced graphene oxide/Titanate Nanotubes (rGO/TNT) 

composite electrodes removed 241.65 mg Pb/g within 2 hours 

from an 80 ppm Pb solution at 1.2 V.102 The RGO/TNT composite 

had a high BET surface area of 511.226 m2/g, and 99.83% of it 

was mesoporous. In addition, the RGO/TNT composite consists 

of many electron-rich functional group such as sp and sp2 

hybridized carbon, which had a high affinity for Pb2+.128 All these 

surface properties greatly enhanced the electrode’s 

electrosorption performance. 

 
2.7.4 Polymer Electrodes 

 

 

Table 7 Lead 

Species Electrode Material Specific 

Surface 

Area 

(m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy 

Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Pb(II) Activated carbon (AC) - -0.13 V 

vs SCE 

5 mg/L 97.5 % 17.71 - 5.0 [120] 

Pb(II) AC Cloth - 1.2 V 0.5 mM 

(104 mg/L) 

43 % - 120 min 5.0 [13] 

Pb(II) AC Fiber - 1.4 V 155 mg/L 47.25 % 191.66 300 min 7.0 [132] 

Pb(II) Three-Dimensional Graphene 2630 1.4 V 100 mg/L 99.9 % - 60 min 6.0 [124] 

Pb(II) Graphene-Carbon Nanotube Hybrid 

Aerogel 

435 1.6 V 100 mg/L - 44.5  120 min 6 [133] 

 Acid Treated Graphene-Carbon 

Nanotube Hybrid Aerogel 

365 1.6 V 100 mg/L - 104.9  120 min 6 
 

Pb(II) Pyrrolic N-dominated Graphene 198 -1.2V 0.4 µM ~ 100 % 481.5  30 min 5.0 [125] 

 Pyridinic N-dominated Graphene 268 -1.2 V 0.4 µM - 196.8  30 min 5.0 
 

Pb(II) Nitrogen-Doped Graphene Aerogel 434.4 -0.3 V vs 

SCE 

1 mM 

(207 mg/L) 

- 650.4  - 4.2 [130] 

Pb(II) Nitrogen-Doped Graphene 

Nanosheet (MCDI) 

695 1.2 V 200 ppm 

(200 mg/L) 

- 521 60 min - [99] 

Pb(II) Titanate Nanotubes 240.2 1.2 V 100 mg/L - 299.5 180 min 5.0 [134] 

 Acid treated Titanate Nanotubes - 1.2 V 100 mg/L - 227.61 180 min 5.0 
 

Pb(II) Reduced Graphene Oxide/Titanate 

Nanotubes 

511.226 1.2 V 80 ppm 

(80 mg/L) 

- 241.65 120 min - [102] 

Pb(II) Graphene Oxide with Nickel Foam 314.50 0 V 100 mg/L - 193.5 60 min 5.0 [121] 

 Graphene Oxide with Nickel Foam 314.50 1.2 V 100 mg/L - 663 60 min 5.0 
 

Pb(II) Graphene/Fe3O4 380 1.6 V 500 mg/L - 47 300 min - [100] 

Pb(II) Porous Graphitic Carbon 

Nanosheets/Fe3O4 

1692.6 1.2 V 20 mg/L - 20.9 60 min - [101] 

Pb(II) Carbon Nanotubes/Polypyrrole 42 450 mV 10 mg/L - 3.85 80 min 6 [135] 

  Plasma Activated Carbon 

Nanotubes/Polypyrrole 

80 450 mV 10 mg/L - 4.28 80 min 6  

Pb(II) Air-Plasma Treated Carbon 

Nanotube/Polytetrafluoroethylene 

106 450 mV 5 mg/L - 2.4 120 min - [127] 

Pb(II) Single-Walled Carbon 

Nanotubes/Stainless Steel Net 

380 -2.0 V vs 

SCE 

150 mg/L 99.6 % - 90 min 6.5 [114] 

Pb(II) Polyaniline/Attapulgite Composite 119 -0.3 V vs 

SCE 

0.1 mM 

(20.7 mg/L) 

- 15.42 10 min - [136] 
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Functional materials such as conducting polymers are 

alternatives to carbon-based electrodes for use in capacitive 

deionization. Conductive polymers have attracted attention as 

electrode materials because of their unique properties such as 

high stability under ambient conditions and variable 

conductivity.136 The hetero N atoms in polyaniline (PANI) are 

capable of removing Pb2+ ions through chelation.137 A 

composite electrode using PANI and attapulgite (ATP), a natural 

clay mineral with a high specific surface area and known affinity 

for heavy metal ions, achieved an adsorption capacity of 15.42 

mg/g with from 1 mM Pb2+ (207 mg/L) at -0.3 V vs SCE after 10 

minutes.136 The removal of Pb2+ ions by PANI/ATP electrode was 

driven by a combination of the chelation reaction, electrostatic 

interactions, and the physisorption brought from ATP. 

 
2.7.5 Effects of pH on Pb Electrosorption 

The pH of the contaminated solution can greatly affect the 

electrosorption of Pb2+. Pb2+ capture using single wall CNT on 

stainless steel nets showed the highest Pb removal rates at pH 

6.50 and the lowest removal rates at pH 2.00 across a tested 

range of pH 2-6.5.114 Other experiments have shown the same 

pattern of decreased electrosorption at low pH. Across a range 

of pH 2 to pH 7, electrosorption using AC showed maximum 

efficiency at pH 5 with a removal efficiency of 97.55%.115 The 

slow removal rate of Pb2+ ions at low pH was due to the 

competition between hydrogen ions and Pb2+ ions for 

adsorption sites.114, 120 In a low pH environment, the 

concentration of H3O+ ions is significantly greater than that of 

Pb2+ ions and as a result, most of the electrode surface is 

occupied by the H3O+ ions. As the pH increases, the 

concentration of H3O+ ions decreases, increasing the amount of 

exposed metal binding sites carrying negative charges, which  

attract more Pb2+ ions.131 At higher pH (> 6) precipitation of lead 

to form lead hydroxide inhibits adsorption.115 

 

2.8 Uranium 

Uranium is a significant component of nuclear energy 

production, and the development of nuclear energy has caused 

uranium to be widely released into the environment as 

hexavalent U(VI) ions.138 The U(VI) ions pose a great threat 

towards the environmental health due to its high chemical and 

radiological toxicity. The WHO guideline value for uranium in 

drinking water is 30 µg/L and the US EPA MCL for uranium in 

drinking water is also 30 µg/L.34, 53 Various uranium 

electrosorption results are listed in Table 8. 

 
2.8.1 Carbon-Based Electrodes 

Carbon-based materials are commonly used for uranium ion 

electrosorption because they have high specific surface areas, 

good electrical conductivity, and are inert to a wide variety of 

chemicals. A phosphate functionalized graphene hydrogel 

(HGP), made by activating graphene oxide with phosphate 

groups using phytic acid (PA), had a maximum adsorption 

capacity of 545.7 mg/g at 1.2 V and pH 5.0.138 The hydrogels had 

an interconnected 3D network structure with hierarchical 

pores, which greatly increased its specific surface area. In 

addition to the high adsorption capacity, the electrode also 

achieved a high desorption ratio of 90.9% at via HNO3 eluting at 

open circuit. The HGP electrodes removed more mg Pb/g than 

plain reduced graphene electrodes because the HGP electrodes 

included additional phosphate groups which captured Pb2+ via 

chemisorption.

Table 8 Uranium 

Species Electrode Material Specific 

Surface 

Area (m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

U(VI) Phosphate 

Functionalized 

Graphene Hydrogel 

202.4 1.2 V 100 mg/L - 534.4  60 min 5 [138] 

U(VI) Activated Carbon 

Fiber 

999.5 5 V 10 mg/L 76 % 3.8 480 min - [139] 

U(VI) Carbon Fiber 25.7 -0.9 V vs 

Ag/AgCl 

100 mg/L - ~ 500  48 h 3.5 [140] 

U(VI) Three-Dimensional 

Graphene 

161.24 1.8 V 100 mg/L - 113.8 150 min 5 [123] 

U(VI) Activated Carbon and 

PVdF Binder 

50 0.8 V 0.003 mg/L 
 

3.4  300 min 
 

[141] 
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Table 9 Vanadium 

Species Electrode 

Material 

Specific 

Surface Area 

(m2/g) 

Voltage/ 

Charge 

Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

V(V) Activated Carbon 

(AC) 

1027 1.0 V 1000 mg/L - 75.3 120 min 2.5 [142] 

 Resin-Activated 

Carbon 

Composite 

- 1.0 V 1000 mg/L - 127.7 120 min 2.5  

V(V) Ion-Exchange 

Resin (IER)-

D201/AC 

441 (BET) 0.2 V 1500 mg/L - ~ 210 120 min 2.5 [143] 

   1.2 V 1500 mg/L - ~ 200    

 IER-D301/AC 380 (BET) 0.2 V 1500 mg/L - ~ 195 120 min 2.5  

   1.2 V 1500 mg/L - ~ 180    

 IER-D314/AC 443 (BET) 0.2 V 1500 mg/L - ~ 230 120 min 2.5  

   1.2 V 1500 mg/L - ~ 360    

 IER-D860/AC 434 (BET) 0.2 V 1500 mg/L - ~ 170 120 min 2.0  

   1.2 V 1500 mg/L - ~ 130    

V(IV) Minerals 

Activated Carbon 

(AC-m) 

42 (BET) 1.5 V 300 mg/L - 12.11 60 2.0 [144] 

 IER-D860/AC-m 228 (BET) 1.5 V 300 mg/L - 26.63    

 IER-D860 - 1.5 V 300 mg/L  52.88    

Carbon fiber electrodes, produced by a catalytic vapor-

deposition process, removed up to 99.85% of the uranium from 

a 100 mg/L uranium feed solution at -0.6 V vs Ag/AgCl, which 

corresponded to an uptake of 1.2 g/g.140 An AC fiber electrode 

(Osaka Gas Co., FN-200PS-15) removed more than 99% of the 

uranium present lagoon sludge containing 100mg/L of uranium 

at pH 4 and -0.9 V vs Ag/AgCl.145 More than 99% of the adsorbed 

uranium was discharged at a potential of +1.2 V vs Ag/AgCl and 

pH 3. 

 
2.8.2 Composite Electrodes 

A half-wave rectified alternating current electrochemical (HW-

ACE) method effectively removed uranium from at low 

concentrations from seawater with an amidoxime 

functionalized carbon electrode.146 This electrode has 

contained amidoxime which provides chelation sites that 

preferably bind with uranyl ions (UO2
2+).147 These chelation sites 

allow uranyl ions to selectively bind to the surface of the 

electrode and be reduced to charge neutral U(IV) species, such 

as UO2. When the applied potential is released, UO2 stays bound 

to the electrode while other ions are rejected into the solution 

again. Reapplying the potential adsorbs and reduces more 

uranyl ions and the UO2
 particles on the electrode surface grow 

bigger. The HW-ACE method achieved a uranium extraction 

capacity of 1932 mg/g, which is ninefold higher than 

conventional physiochemical methods.146  

 

2.9 Vanadium 

Vanadium is a rare heavy metal that can pose a serious threat 

to environmental health, especially in its most toxic form, V(V). 

Vanadium causes a variety of toxic effects including, but not 

limited to, hemolysis, embryotoxicity, and functional lesions in 

the liver and kidneys.148 Vanadium mining and smelting has 

caused environmental pollution in countries such as Russia, 

China, and South Africa.149 V-containing wastewater commonly 

has high salinity and low biodegradability, making it difficult to 

treat by conventional methods. Adsorption-based techniques 

are therefore a promising field of research for processing V-

containing wastewater.150  

 
2.9.1 Carbon and Composite Electrodes 

A high-area carbon cloth could remove about 80% of VO3
- in a 

water sample upon the application of a 0.1 mA galvanostatic 

current.151 CDI can also potentially be used in removing 

vanadium from the acid leaching solutions commonly used in 

vanadium extraction.152 Electrodes containing ion exchange 

resins on activated carbon have been investigated for their 

ability to selectively recover vanadium from a complex acid 

leaching solution.142-144 Out of three cation exchange 

resin/mineral active carbon electrodes tested for their ability to 

remove vanadium, the electrodes made from D860 cation 

exchange resin had the highest adsorption capacity at 15.67 mg 

VO2+/g material from a solution containing 300 mg/L VO2+, 300 

mg/L Fe3+ and 300 mg/L Al3+ at an 1.5 V.144 The D860/active 

carbon electrode was selective for VO2+ because VO2+ has a 

relatively high affinity for the resin material and a smaller 

hydrated radius compared to the hydrated radii of other metals 

present in the acid leaching solution, allowing it to pass through 

the pores of the electrode more easily. Additionally, the 

D860/active carbon electrode showed good regenerative 
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ability. The same D860 resin on coconut shell activated carbon 

had a much higher capacity of about 170 mg V(V)/g material.143 

Replacing the D860 with an anion exchange resin (D314) made 

electrodes that could adsorb about 230 mg V(V)/g.143 The 

electrosorption performance of electrodes made with different 

resins is listed in Table 9. The electrosorption these resin/active 

carbon electrodes did not change significantly when the applied 

voltage was changed between 0.2 V and 1.2 V, suggesting that 

physisorption and/or chemisorption dominated over 

electrosorption. The adsorption capacity of the anion exchange 

resin/active carbon electrodes decreased significantly at a pH of 

1.5 because at low pH, cationic VO2+ is more prevalent than the 

anionic vanadium species that react with the resin.  

 

2.10 Zinc 

Zinc is essential for many enzymes, but in high enough levels it 

can cause health problems including impairment of the immune 

system, vomiting, and anemia.83, 153 Zinc contamination is 

prevalent in various parts of China due to zinc smelting 

activity.154 To prevent the precipitation of Zn(OH)2, Zn removal 

through electrosorptive means is generally carried out in acidic 

solutions.153  

 
2.10.1 Activated Carbon Electrodes 

AC from a wide variety of sources, including petroleum coke, 

coconut shell, and phenolic resin have been used in the 

electrosorptive removal of Zn (Table 10).89, 91 About 40% of Zn 

from a 100 mg/L solution was removed onto AC cloth after 1000 

s under a potential of 1.2 V.155 AC fiber electrodes showed a Zn2+ 

uptake of 122.6 mg/g from a 500 mg/L Zn2+ solution with a 

potential of 1.2 V.87 Powdered banana peels treated with 

sulfuric acids were found to have a maximum adsorption 

capacity of ~3.4 mg/g.156 Beyond AC, other forms of carbon such 

as a CNT/carbon nanofiber composite and N-doped graphene 

nanosheets have also been used as electrode materials in 

removing Zn2+.70, 99 

 
2.10.2 Metal-Oxide Composite Electrodes 

Various forms of birnessite have been used as electrodes for 

zinc electrosorption (Table 10). Birnessite-CNT composites were 

able to adsorb up to 155.6 mg/g of Zn2+.112 The reduction of 

Mn(IV) in birnessite (MnO2) to Mn(II) and Mn(III) allowed Zn to 

be captured as ZnMn2O4
 (Figure 6). The potential that 

maximized uptake was 0.0 V vs SCE. While lowering the 

potential below 0.0 V vs SCE would favor Zn2+ migration towards 

the electrode, these lower potentials increased in the formation 

of Mn3O4 rather than ZnMn2O4 on the electrode surface, which 

decreased Zn removal at lower potentials. Nanostructured 

birnessite had uptakes as high as 530 mg/g in a 1400 mg/L Zn2+ 

solution following a series of 50 charge-discharge cycles.153 

However, upon adsorption and insertion of Zn2+ into the 

birnessite electrodes, Mn2+ ions leached out of the birnessite. 

When used in a 1000 mg Zn2+/L solution, the birnessite 

electrodes released 36.19% of the Mn they contained. 

Birnessite nanosheets could adsorb up to 383.2 mg/g following 

50 charge-discharge cycles.157 Increasing the current density 

during this process resulted in a decrease in the adsorption 

capacity. Fe3O4 on porous graphitic carbon nanosheets was able 

to remove Zn2+ along with several other metal cations.101 

 

2.11 Other Heavy Metals and Ions 

While this review of electrosorption has focused on As, Cd, Cr, 

Cu, Fe, Ni, Pb, V, U, and Zn, in principle any liquid-phase ion can 

be captured using electrosorptive and capacitive deionization  

 

Table 10 Zinc 

Species Electrode Material Specific 

Surface 

Area 

(m2/g) 

Voltage/ Charge Initial 

Concentration 

Percent of 

Heavy Metal 

Removed 

Electrosorption 

Capacity (mg/g) 

Operation 

Time 

pH Ref. 

Zn(II) AC (AG-3V) - -0.67 V vs 

Ag/AgCl 

1000 mg/L - 15 - - [91] 

Zn(II) Birnessite 

(Nanostructured) 

118 charge discharge 

cycles at 0.1 A/g 

birnessite and 

from 0-0.9 V 

1400 mg/L - 530 - - [153] 

    200 mg/L - 319.8    

Zn(II) Birnessite/CNT 

Nanocomposites 

(45.6% MnO2) 

143 0 V vs SCE 50 mg/L - 158.4 12 h - [112] 

Zn(II) Birnessite 

Nanosheets 

179 charge-discharge 

cycles from -0.9 

to 0.9 V 

1400 mg/L - 383.2 - - [157] 

    200 mg/L - 79.9    

Zn(II) AC Cloth 1118 1.2 V 75 mg/L ~ 45 % - 1000 s - [155] 

    100 mg/L ~ 40 % - 1000 s   

Zn(II) AC Fiber 1384.2 1.2 V 500 mg/L - 122.6  - [87] 
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processes. Mercury can be removed via electrosorptive 

processes,95, 158 but this has not been extensively studied. 

Instead, mercury has been effectively removed via 

electrochemical alloy formation on platinum electrodes.159 

While not extensively studied, non-metal environmental 

contaminants such as selenium can be removed via 

electrosorption.160 The man-made element technetium, mainly 

long-lived radioactive isotope Tc-99, has been introduced into 

the environment in increasing amounts due to the operation of 

nuclear fuel facilities and nuclear weapon testing.161 

Technetium-99 is of concern because it has a long half-life and, 

similar to many other heavy metals, it has high environmental 

mobility. Because Tc predominately exists as the oxyanion 

perrhenate TcO4
-, it can also be removed via electrosorption.162 

3. Concluding Remarks and Research Directions  

As presented in this review, there is a large and growing body 

of work investigating heavy metal removal using capacitive 

deionization and electrosorption. However, it can be noticed 

that there lacks, across the various sources, a unified or 

standard approach to studying electrode materials for heavy 

metal electrosorption. The traditional metrics that quantify 

electrosorption performance, adsorption uptake and percent 

removal, are not truly intensive; they are highly dependent 

upon the experimental variables like the initial concentration of 

ions, the volume of water used, and the electrode mass used. 

As a result, it can be misleading to directly compare reported 

adsorption uptake and percent removal between different 

studies. It may be more useful to directly compare Langmuir 

isotherm equilibrium constants, which fully define adsorption 

capacity as a function of equilibrium ion concentration. Using 

the Langmuir model constants would account for variations in 

some of the experimental parameters between different 

studies. While many studies already report adsorption model 

constants,85, 109, 110 not all of them do. However, even this 

Langmuir descriptor cannot account for performance 

differences across different water matrices where different 

competing ions can take up adsorption capacity. Also, the 

Langmuir model is not always a suitable model for irregular 

surfaces such as AC electrode surfaces.163 When comparing 

results between different studies, it is recommended that 

readers be aware of these shortcomings and take note of 

experimental parameters such as competing ion or supporting 

electrolyte concentration and pH. 

In the interest of developing selective electrode materials, 

we suggest the inclusion of relative separation factors for 

studies that investigate selective materials for heavy metal 

electrosorption. The separation factor between two ions A and 

B, typically denoted as α, is defined as:164 

 

𝛼𝐴,𝐵 = (𝑁𝐴,𝑎𝑑𝑠/𝑁𝐵,𝑎𝑑𝑠)/(𝑁𝐴,𝑙/𝑁𝐵,𝑙  )        (1) 

 

Where the N’s indicate molar quantities and subscripts refer to 

A and B adsorbed (ads) or in the liquid phase (l). When multiple 

ions are present in solution, they compete for surface sites in 

reactions such as:  

 

𝐴 + 𝐵𝑎𝑑𝑠
𝑘1,𝑘−1
↔     𝐴𝑎𝑑𝑠 + 𝐵       (2) 

 

The separation factor, by definition, is exactly the equilibrium 

constant of this reaction: 

𝐾𝑒𝑞 =
[𝐴𝑎𝑑𝑠][𝐵]

[𝐴][𝐵𝑎𝑑𝑠]
=

𝑘1

𝑘−1
= 𝛼       (3) 

 

As a result, separation factors directly quantify the free energy 

difference of equation (2) and could be used to quantify 

differences in affinity of the electrode with different heavy 

metal ions and other competing ions. 

 
3.1 Ion selectivity 

Several factors govern ion selectivity including ion radius, ion 

charge, and an ion’s physicochemical affinity for the electrode. 

While ion selectivity is complex and system dependent, a rule 

of thumb is that ions of higher charge are preferentially 

removed over ions of lower charge and between ions of the 

same charge, ions with smaller hydrated radii are preferentially 

removed. Individual removal experiments of Cr3+, Cd2+, and Pb2+ 

using AC cloth (ACC, FM70) showed the highest removal 

efficiency for Cr3+ (52.48% for Cr3+, 42.62% for Pb2+, 31.85% for 

Cd2+) after 2 hours from 5 mM solutions at 1.2 V.13 It was noted 

that at open circuit (0 V), Cr3+ and Pb2+ were still significantly 

adsorbed (41.52% removal for Cr3+, 29.59% for Pb2+) while Cd2+ 

was not (4.20% removal). These results suggest that Cr3+ and 

Pb2+ had some intrinsic affinity for the AC cloth and adsorbed 

much more quickly due to physical adsorption attractions. 

Between the three ions, Pb2+ has the smallest hydrated radius, 

followed by Cd2+, then Fe3+. Between Pb2+ and Cd2+, Pb2+ is 

preferentially adsorbed because it has a smaller ionic radius. 

Despite having the largest hydrated radius, Cr3+ was 

preferentially adsorbed due to its higher charge. Nitrogen-

Figure 6 Electrodes made from birnessite, a manganese oxide 

mineral, captured Zn2+ and Ni2+ by reducing the manganese within 

the birnessite from Mn(IV) to Mn(III). This reduction is accompanied 

by the insertion of Zn2+ or Ni2+ into the birnessite. Reproduced from 

ref. 112 with permission from Elsevier, copyright 2019. 
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doped graphene nanosheets, used to remove 9 different 

divalent cations (Pb2+, Cu2+, Fe2+, Cd2+, Co2+, Ni2+, Zn2+, Mg2+, 

Ca2+) showed the quickest removal rate for Fe2+ and the slowest 

removal rate for Cd2+.99 This is consistent with the previously 

presented study. It was noted that Fe2+ was likely oxidized to 

Fe3+, which allowed it to out compete all of the other divalent 

cations. Cd2+, again, was least favorably adsorbed due to its 

larger hydrated radius. Electrosorption of Fe3+, Cu2+, Zn2+, and 

Na+ using carbon nanotubes and carbon nanofibers (CNTs-CNFs) 

composite electrodes showed adsorption favoured Fe3+ > Cu2+ 

> Zn2+ > Na+.70 Again, this order can be explained by ion charge 

and hydrated radius. Overall, Fe3+ was preferentially adsorbed 

due to its high charge and Cu2+ adsorption was favoured over 

Zn2+ adsorption due to Cu2+ having a smaller hydrated radius. 

Heteroatom doping of carbon materials has been shown to 

increase selectivity and/or electrosorption capacity for heavy 

metal ions. Graphene aerogels doped with sulfur (SGAs) had a 

higher electrosorption capacity than graphene aerogels doped 

with nitrogen (NGAs).95 This was explained with the Hard-Soft-

Acid-Base principle where sulfur, the softer heteroatom 

between sulfur and nitrogen, showed stronger interactions with 

soft heavy metal atoms.  Not only does the identity of the 

heteroatom affect electrosorption, but the chemical 

environment of the heteroatom affects how it interacts with 

heavy metal ions. This was shown with graphene doped with 

nitrogen in two ways: the first forming more nitrogen with 

pyridinic character and the second forming more nitrogen with 

pyrrolic character. The pyridinic N-doped graphene showed 

greater affinity for hard ions (H+, Na+) while the pyrrolic N-

doped character showed greater affinity for soft ions (Pb2+).125  

New faradaic electrode materials have been shown to 

selectively capture heavy metal ions. Poly(vinylferrocene), a 

redox-active metallopolymer, has been shown to selectively 

capture chromium and arsenic oxyanions over perchlorate and 

chloride competing ions.40 When oxidized, the ferrocenium 

cations on the polymer act as adsorption sites and bind anions 

through charge transfer. Chromium and arsenic oxyanions were 

shown to bind strongly to poly(vinylferrocene) because these 

oxyanions are highly polarizable and willingly donate electron 

density toward the positive ferrocenium sites. Perchlorate and 

chloride were less polarizable and did not bind strongly to 

poly(vinylferrocene). 

These studies have demonstrated the ability to tune ion 

selectivity through molecular modification and design.  As the 

field of heavy metal electrosorption grows and differentiates 

itself from desalination work, we anticipate a greater focus on 

molecular design of selective electrosorbents and building an 

understanding for the mechanisms that govern ion selectivity. 

 

3.2 Viability of Electrosorption and Capacitive Deionization for 

Heavy Metal Removal 

Electrosorption and capacitive deionization have a bright future 

in applications for heavy metal capture. These processes are 

efficient for ion removal when ion concentrations are low, 

which is often the case for heavy metal contamination, and can 

be augmented with other ion removal techniques such as 

membrane processes.  

Research on the commercial performance of CDI plants, 

especially when applied to heavy metal removal, is extremely 

limited.165 However, CDI has the potential to be a highly energy-

efficient methods to remove heavy metal ions from water. For 

example, in applications other than heavy metal removal, such 

as desalination, CDI is projected to be more energy efficient 

than leading industrial technologies such as reverse osmosis for 

salt concentrations less than 60 mM.166 The minimum energy 

required by CDI to reduce the total dissolved solids (TDS) in 

water from 1000 mg/L to 10 mg/L has been estimated to be as 

low as 0.1 kWh/m3.28 A bench-scale industrial-type process 

using a carbon aerogel electrode could achieve the same TDS 

reduction using 0.594 kWh/m3, much lower than the 2.03 

kWh/m3 required for electrodialysis reverse systems.28 

Additionally, the large-scale production of electrode materials 

such as AC and carbon aerogels has already been shown to be 

viable.167 A key factor in the energy efficiency of CDI processes 

is the potential for energy recovery during the desorption stage. 

At low salt concentrations, energy recovery as high as 83% has 

been achieved in membrane CDI processes.165 While these 

studies regarding the energy required for large-scale CDI 

processes suggest that CDI and electrosorption may be viable 

alternatives to other ion removal processes, more detailed 

technoeconomic analysis is required to determine if 

electrosorption of heavy metals is viable at a large scale. The 

viability of a large-scale heavy metal electrosorption process 

will depend upon electrode capacity, ion selectivity, electrode 

regeneration and stability, and energy recovery. 

 

3.3 Future Directions 

A large fraction of the electrode materials covered in this review 

are porous carbon materials. These are great materials for 

electrosorption because they have high surface areas and they 

are inexpensive and widely available. However, heavy metal 

electrosorption research trends toward functionalizing carbon 

materials and designing new electrode materials to selectively 

target heavy metal ions in the presence of competing ions. 

Future electrosorption research is expected to shift towards 

heteroatom functionalization and more advanced Faradaic 

materials, including energy storage ion-intercalation and ion-

binding platforms.21, 168 Rather than storing charge in an electric 

double layer, these materials store charge by intercalating ions 

within a crystalline matrix, or binding ions onto polymeric site, 

and can thus enhance both adsorption capacity and selectivity.  

Thus, both Faradaic and non-Faradaic composite materials 

are expected to grow in interest for heavy metal removal. 

Finally, a trend which we also expect is the integration of 

different treatment steps for various ions through the design of 

novel materials, which can reduce competitive adsorption and 

maximize process efficiency. 
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