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Abstract 

Capacitive deionization (CDI) is a relatively new water purification technology based on the 

principles of super-capacitors that is gaining both scientific and commercial momentum over the 

last decade. Typically, CDI devices are built using nano-porous and conductive activated carbon 

materials, which lead to operational flexibility for contaminant removal from different water sources 

generally requiring lower power for operation with very little needs for maintenance.  

In this thesis, we have used a unique CDI device architecture and validated its efficacy to remove 

positive and negative ionic contaminants from synthetic and industrial wastewater. The correlation 

between the ion size, charge and structure on electrosorption capacity and dynamics were studied to 

develop an understanding of the optimum operating protocol to treat wastewater from mining 

industry, using commercially available activated carbon cloth as the CDI electrode material. Results 

indicate that ions with lower valences are prone to be replaced by higher valence ions, depending on 

the time of operation and thus could be used to design selectivity in terms of contaminant removal. 

Application of CDI for mining water treatment was found to be feasible with low power 

consumption and shows good promise as a candidate for the future of smart water treatment 

processes. 
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Capacitive deionization; ionic contaminants; industrial wastewater;  ionic selectivity; ionic 

replacement 
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Sammanfattning 

Capacitive deionization (CDI) är en relativt ny vattenreningsteknologi baserad på principerna för 

superkapacitatorer som får både vetenskaplig och kommersiell fart under det senaste decenniet. 

Vanligtvis är CDI-anordningar byggda med användning av nanoporösa och ledande aktiva 

kolmaterial, vilket resulterar i driftsflexibilitet för att avlägsna föroreningar från olika vattenkällor 

som i allmänhet kräver lägre effekt för drift med mycket litet behov av underhåll. 

I denna avhandling har vi använt en unik CDI-enhetsarkitektur och validerat dess effektivitet 

för att ta bort positiva och negativa jonföroreningar från syntetiskt och industriellt avloppsvatten. 

Korrelationen mellan jonstorlek, laddning och struktur för elektrosorptionskapacitet och dynamik 

studerades för att utveckla en förståelse för det optimala driftsprotokollet för behandling av 

avloppsvattnet från gruvindustrin med användning av kommersiellt tillgängligt aktivt kolduk som 

CDI-elektrodmaterial. Resultaten indikerar att joner med lägre valens är benägna att ersättas med 

joner med högre valens, beroende på driftstiden och således kan användas för att bilda selektivitet 

när det gäller borttagning av föroreningar. Tillämpning av CDI för gruvvattenbehandling visade sig 

vara genomförbar med låg energiförbrukning och visar ett gott löfte som en kandidat för framtiden 

för smarta vattenreningsprocesser. 

 

Nyckelord 

Kapacitiv avjonisering; joniska föroreningar; industriellt avloppsvatten; jonisk selektivitet; jonisk 

ersättning 
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1 Introduction 

1.1 Water scarcity and pollution 

Water scarcity is an impending global issue that needs to be addressed urgently.  Fresh water 

comprises of only 0.3% of all the existing water on earth accessible for exploitation, with 70% 

existing in the form of glacier[1].  The problem of clean water is only going to increase in the coming 

decades, taking into account the growing world population and depleting water reserves [2].  It is 

estimated that by the year 2019, 1.1 billion people worldwide will lack access to water, and a total of 

2.7 billion will live with water scarcity for at least one month of the year [3]. Although precious, such 

limited available fresh water is prone to be polluted from pesticides and fertilizers from farms, 

untreated human wastewater, and industrial waste, which is prominently observed in the 

developing countries. It is hence imperative that we look at the whole water purification industry as 

a single entity, wherein the focus is not just about desalinating sea water to produce drinking water, 

but the recovery and re-use of contaminated water to build a circular economy. Contaminated water 

come in many forms, both municipal and industrial. In the Nordics, industrial wastewater treatment 

and re-use is considered for shifting to sustainable living and the drinking water quality is met 

through government initiatives. 

Some of the important industries in the Nordics and especially Sweden are, mining industry, 

automobile industry, pulp and paper industry and other industries related to material processing 

and production. Most of these industries produce a lot of wastewater which are high in heavy metal 

contamination and other ionic pollutants like Nitrates and Phosphates, which if not treated properly 

have been known to lead to Eutrophication in local water bodies.  

In mining industries, when exploiting mines, dressing and smelting of raw ore releases large 

amounts of mining tail and wastewater. Heavy metals are abundant in these mining wastes and if 

not dealt with properly, can contaminate groundwater causing severe threat to local environment 

[4]. Heavy metals have a tendency of accumulating in living organisms by transfer through food 

chain and may cause fatal health problems to almost all living beings [1]. Industrial water also is 

very varied in terms of temperature and organic content, which can lead to fouling and reduction of 

water treatment efficiency in traditional ion-removal methods like reverse osmosis and distillation.  

Multi-stage flash distillation or multiple-effect distillation (MSF/MED) are thermal methods of 

brackish water treatment (Fig.1-1) and about 34.2% of the global deionized water is obtained 

through thermal treatments [5].  Each stage in MSF/MED consist of a heat exchanger and a 

condensate collector, in which the temperature and pressure is increased stage by stage according to 

the water boiling point inside the devices. The separation of water and dissolved solids is realized 

through evaporation, by superheating the liquid, and the surplus heat in liquid is transferred into 

latent heat of vaporization, which heats the inlet water in the next stage. Energy efficiency is thus 

enhanced compared to single stage distillation, because most of the heat is used by the cold inlet 

water which is then somehow recycled. However, multi-stage distillations are inefficient regarding 

energy consumption and cost [5], rendering them as unattractive technologies for commercial 

applications. Furthermore, the need for pressure and high temperature determines that the 

chambers of MSF/MED can’t be scaled down to portable sizes. In addition, solid wastes are 

generated in MSF/MED, causing unavoidable discharging problems. 
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Figure 1-1  Schematic diagram of a typical multi-stage filtration process 

 

Reverse osmosis (RO) is another water purification method. First use of RO as deionization 

technique dates back to 1950s and has been developed to supplying fresh water for medical, 

industrial and domestic applications [6]. RO uses partially permeable membranes and high pressure 

to filter impurities from fresh water. The high pressure is needed to overcome osmotic pressure, 

which is colligative and driven by chemical potential differences of the solvent.  Schematic of 

modern RO system is shown in Fig.1-2. Benefit of RO lies in that it can effectively remove bacteria 

and total dissolved solid (TDS), obtaining ultra clean water. Disadvantages of RO, however, are also 

obvious. Due to the extremely small pore size, the semi-permeable membrane is prone to be clogged 

by solid, thus extra cleaning of membrane is often needed. Also adjustments of pressure and flow 

velocities are needed for sustainable use of RO systems [7].  The membrane is prone to 

contamination by microorganisms and organic matter, which also leads to extra requirements of 

frequent cleaning for continuous operation. These factors also cause requirements on chemical 

pretreatments to remove undissolved solid and microorganisms, making the operation more 

complicated. The cost of such a complicated architecture is high due to the need of high-pressure 

pump and membrane. The suppressed energy efficiency is another limiting factor for RO 

systems[7].  Furthermore, RO is limited in the treatment of about 50% of the water, while the other 

half is wasted leading to unavoidable discharge problems. For instance, RO purification system is 

located on ship, marine dumping may be used that is considered harmful for the marine life. 

 

Figure 1-2 Schematic diagram of a batch RO system with an inner permeate bladder [8] 

These traditional water treatment methods are not very suitable for Industrial water 

purification for flexibility in operation, solid waste generation and high cost for pre-treatment needs 

to elongate life of water purification unit. New and more flexible methods of water treatment are 

needed to address the extremely varied features of industrial water purification.  
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1.2 Capacitive deionization (CDI) 

Capacitive deionization (CDI) is one such alternative deionization technology, which is essentially a 

supercapacitor, that ends up storing energy while deionizing the water [9]. CDI study can be dated 

back to 1960s, wherein it was referred to as electrochemical demineralization. It has developed 

exponentially in the last two decades, leading to large variety of CDI cell structures, applications and 

commercialization of the technology [10]. The work of CDI relies on electrosorption between 

charged particles and highly porous electrode surfaces under the influence of an electric field [11]. 

When a small DC voltage of typically less than 2.0 V is applied across the electrodes within a CDI 

device, charged metal ions, bacteria and charged organics get affected by the applied electrical field 

and form electrical double layers (EDL) at the electrode/water interface, leading to a net 

deionization and purification of the water passing through the device. This phase is known as 

“Charging or Deionization”. 

Once the electrode surfaces are saturated or are approaching saturation, the polarity of applied 

voltage is reversed or shorted to remove the electrosorbed species from the electrode surface, in 

essence discharging the CDI device and regenerating the electrodes for the next charging or 

deionization cycle. This phase of removing the previously attracted charged species is known as 

“Discharging or Regeneration”. Typically, every deionization cycle is followed by a regeneration 

cycle and as there are no chemical reactions expected to occur within the device, the life of the 

electrodes is long. 

CDI based water purification is typically best suited for ionic content in the brackish water 

regime, with concentrations up to 5000 mg/L being applicable. Beyond this range, ion removal 

takes place as usual, except that power consumption is higher due to the higher electrical 

conductivity of the water flowing between the CDI electrodes. CDI has simple structure and reduces 

producing secondary wastes and it does not need high-pressure pumps, complicated operational 

chambers and delicate ion-exchange membranes, ensuring lower cost and higher energy efficiency. 

Furthermore, if higher DC voltages are applied across the CDI unit, un-charged organics and even 

pharmaceuticals can be electrochemically broken, thus effectively removing them from water. 

Since CDI works efficiently for low and medium ionic content, both cations and anions in 

concentrations of 1 g/L in aqueous solutions have been studied in detail with CDI unit for this work. 

Concentration variation in bulk solutions is of great importance because it indicates the processes of 

deionization that was closely tracked by measuring the conductivity in-situ that was further 

quantified using ion chromatography (IC) and inductively coupled plasma- optical emission 

spectroscopy (ICP-OES).  

1.3 Research objectives 

1. Ionic electrosorption behaviors in cylindrical flow-through CDI cells in a multi-ionic 

environment of different cations and anions. 

2. Capacitive deionization of industrial water samples (mining water) and analysis of operating 

parameters to deduce feasibility. 

1.4 Thesis outline 

The following chapters explain the working mechanism of CDI and ion behaviors during CDI in 

detail. Chapter 2 explains the theoretical basis for the thesis, both CDI structure and ion properties 

are included. Chapter 3 shows the methods and materials used for this work; the considerations of 

experimental design is also included. Chapter 4 analyzes all the experiments that are done for this 

work. Chapter 5 draws the conclusions and recommendations for future work. 
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2 Theoretical Background 

2.1 Capacitive Deionization 

2.1.1 CDI cell’s working principle and cell structure 

Working of CDI cell relies on the coulombic interaction between charged species and electrodes 

upon the application of voltage across the electrodes. During the process, liquid to be deionized is 

pushed by a peristaltic pump and appropriate electrical potential/current is applied across both 

electrodes. Under the presence of external electrical field, both cations and anions are directed to 

the cathode and anode, respectively, forming EDLs at the electrode-solution interface, hence 

separating the charged ionic species from the water to be cleaned. During this process, physical 

adsorption, electrochemical adsorption and faradaic reactions can reduce the ionic species’ 

concentration, but for sustainable use of CDI cell, faradaic reactions should be eliminated, as faradic 

reactions can potentially damage the structure of electrode surfaces thus reducing its life. 

Based on the above working principles, a typical construction of a flow-between CDI cell is 

shown (see Fig.2-1). A typical flow-between CDI cell consists of a pair of graphite sheets responsible 

for contact and charge transfer, a pair of porous conductive electrodes for deionization and some 

porous spacer materials across which water and charged species can be transported during the CDI 

operation. To regenerate the cell, usually the two electrodes are short-circuited while keeping the 

liquid circulating whereby the absorbed ionic species are released and flushed away by flow, 

enabling the discharge of the capacitive device. There are also other discharge modes which is 

explained in more detail in the section on charging/discharging modes below. 

 

Figure 2-1 Conventional flow-between CDI cell structure [10] 

 

By changing the architecture and materials within a CDI cell, a conventional flow-between CDI 

cell can be transformed into a flow-through CDI unit (Fig.2-2). Feeding solution goes directly 

through the two electrodes, and the motion of charged species are parallel to the applied electrical 

field.  Ionic species are directly transported to electrodes by liquid flow instead of diffusion inside 

the spacer materials, so the absorption processes are not limited by the diffusion dynamics, 

enhancing the electrosorption performance of CDI cell. Since the delivery of ionic species doesn’t 

rely on the spacer materials, the thickness of spacer materials can be considerably reduced, so the 

rate of deionization can be increased. 
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Figure 2-2 Flow-through CDI cell [10] 

 

However, the drawbacks of flow-through CDI are also obvious, that is flow-through cells suffer 

from increased susceptibility of fouling and narrower choice of electrode materials. Limited choice 

of electrode materials comes primarily because most present electrode materials are made from 

pressed carbon powder which does not provide a very easy flow-through architecture due to small 

pore sizes. Nonetheless, there have been a few materials like aerogels, activated carbon cloth etc., 

which allow flow-through mode of operation. Additionally, when the feed solution is pushed against 

the electrodes, resistance and friction between solution and electrodes arise naturally, thus based on 

which material serving as the electrode, higher pressure loss could occur within limited cell volume. 

In this sense and especially for flow-through architecture, larger pore sizes are preferred for 

delivering the liquid, but nano-scaled pores are needed to enlarge the specific surface areas suitable 

for EDLs forming. Thus, the choice of electrode materials is vital for CDI since trade-off should be 

made according to specific requirements.  

2.1.2 Electrode materials 

Since electrodes play the most important role in CDI, various physic-chemical properties of 

electrode materials lead to different performances of CDI devices.  Two major aims should be 

fulfilled by varying electrode materials, increasing deionization performance and enhancing stability 

during deionization. For higher absorption rate and deionization efficiency, larger ion-accessible 

specific surface area, faster ion mobility within the pore network, lower contact resistance within the 

cell structures, higher electronic conductivity and better wettability are preferred. For good stability 

during CDI and good electrochemical stability are desired. Also, lower cost and appropriate process 

ability are attempted to be able to use the devices for specific applications.   

Among all kinds of materials, carbon-based and carbon-derived materials meet most of the 

requirements listed above. Original carbon and single component carbon materials have low specific 

adsorption capacity and non-ideal physic-chemical properties, which can be improved by surface 

modification. For instance, by hybridizing metal oxide and carbon material together, specific 

capacitances, wettability and charge efficiencies are enhanced leading to better deionization 

performance [12]. So far, explorations have been carried out with carbon aerogels, activated carbon 

cloth and fibers, mesoporous carbon, carbon nanotubes, graphene, carbide-derived carbons and 

other carbon-based composites. Among these varieties of carbon materials with extraordinary 

properties, activated carbon cloth fits the needs for a flow through CDI architecture. Its woven 

surface gives leads to lower pressure drop for fluid flow, while the micro-porous structure of each 

fiber on the cloth gives it a high specific surface area. In addition, it is widely and commercially 

available, has good mechanical strength and can be easily shaped into the required form-factor. 
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2.1.3 Batch mode and serial mode design 

Operational mode of CDI can be mainly divided into two categories, one is batch mode and the 

other is serial mode. Serial mode refers to the situation where the water fed in and let out is stored 

separately in two different containers, with the conductivity taken at the exit of CDI cell.  Usually 

conductivity of serial mode CDI should decrease first, after reaching a minimum point, increasing 

back to the initial value (Fig.2-3).  Ideally, serial mode configuration of the devices can deal with 

more water, because the amount of feed solution is not limited by the volume of feed water 

reservoir, compared to batch mode, whose salt adsorption capacity (SAC) is determined not only by 

the physical chemical properties of the electrode material, but also the difference between initial and 

final ion concentration, which is limited by total solution volume.  Thus, to make full use of SAC of 

the material and to eliminate the influence from feed water reservoir when studying electrodes’ 

SAC, serial mode is more useful. What’s more, serial mode also reflects mean deionization rate 

(MDR) of the whole CDI cell, which is useful in optimizing deionization efficiency.[13] 

 

Figure 2-3  Serial-mode CDI schematic and outflow conductivity [14] 

 

Batch mode (Fig.2-4) describes a configuration where the water is fed from a container and 

water goes out from the CDI cell back to the same container, with the conductivity of solution is 

measured in the beaker to indicate the saturation of electrodes. Under batch mode conditions, 

conductivity decrease steadily, remaining stable after saturation.  All the work in this thesis has 

been carried out considering the batch mode operation. 
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Figure 2-4 Batch-mode CDI schematic and conductivity in bulk solution [14] 

2.1.4 Charging and discharging modes 

Charging modes for CDI cell can either be constant voltage (CV) mode or constant current (CC) 

mode.  For discharging or regenerating the cell, three modes are commonly seen, zero-volt 

desorption (ZVD), reverse-voltage desorption (RVD) and reverse current desorption (RCD).  

Recently Dykstra et.al reported a novel discharging mode under low discharging voltages without 

flipping the polarity. This increasing voltage discharging mode enhances charge efficiency by 

reducing operational voltage window, which decreases total charge transfer within one deionisation 

& regeneration cycle thus reducing the total energy consumption, while the SAC of the same CDI cell 

remains almost unchanged.[15]  

Constant current generates a stable outflow concentration over time which is adjustable by 

changing the current input, this effect can be taken full advantage with the aid of ion-exchange 

membrane, which will be described in section below[14]. During deionization steps, charge input is 

compensated by electrodes absorbing counter ions, when constant current is supplied. This process 

is continuous and leads to increasing cell voltages, so the deionization is continuous over time and 

ion concentration in the outflow is tuneable with current. This working mechanism leads to better 

energy efficiency while keeping the charge efficiency (charge efficiency refers to the ratio of ion 

absorption to charge input) high compared to the CV mode of operation [16].   

Constant voltage application leads to quicker charge adsorption from the onset and leading to 

noticeable change in outflow ion concentration. But the concentration will increase back if fed with 

large amount of water over a long period of time, as a result of charge saturation of electrodes. 

What’s more, if the feed solution has a higher concentration, CV mode consumes less energy [16]. 

The comparison of outflow concentration of both electrical input modes can be seen in Fig.2-5 

below. 
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Figure 2-5 Concentration in bulk solution under CV mode (left hand side) and CC mode (CC)[14] (dashed 

line indicates the initial concentration put in the cell) 

 

Zero-volt desorption (ZVD) mode is achieved by simply shorting the cathode and anode, which 

is more energy-saving discharge mode compared to reverse polarity discharging modes. The other 

two reverse polarity modes, although the way of electrical input is specific, the principle is similar, 

providing reversed electrical input to the electrodes, repelling whatever absorbed back to the bulk 

solution efficiently. Through reverse-input discharging modes, desorption rate is largely enhanced 

and the period for cell regeneration is subsequently reduced (Fig.2-6), increasing the time efficiency 

for one complete CDI-REG cycle. 

 

Figure 2-6 Reduced desorption time with reverse-voltage[14] 

 

Reversed electrical input on electrodes may however cause unexpected adsorption of ions that 

were just repelled [17]. However, Porada et.al. pointed out that the repelled ions will not have the 

possibility to approach their counter electrodes during discharging because of the spacer materials 

providing room for these ions [14], avoiding unexpected adsorption during discharging. 

For this work, CV absorption mode is performed for its obvious ion removal within limited time, 

combined with ZVD mode for its simplicity. 
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2.1.5 Other important CDI system architectures 

Higher charge efficiency and deionization ratio are always interesting, if adding extra ion-exchange 

membranes (IEM) adjacent to the electrodes (Fig.2-7), membrane CDI (MCDI) cell is obtained, and 

both characteristics can be largely enhanced. If applying electrical field, cations pass through cation 

exchange membrane (CEM) and anion pass the anion exchange membrane (AEM).  However, co-

ions are repelled from the electrodes but can’t penetrate the membranes, only to stay in the 

macropores of electrodes, which in turn attract more expected ions, thus enhancing the adsorption 

capacity[10].  If MCDI is operated in CC-RVD, charge efficiency is enhanced, cycle period is 

reduced, most importantly, constant and adjustable outflow concentration can be realized, which is 

a promising method for high performance deionization. 

 

Figure 2-7 Schematic of MCDI[17] 

 

Another novel type of CDI is flow-electrode CDI (FCDI), sketch in Fig.2-8. Since fixed-electrode 

materials used for CDI and MCDI contain much unnecessary structural components, making 

limited contributions to electrical conductivity and ion absorption capacities. Thus, FCDI employing 

fluid carbon particle suspensions as electrodes comes up as an alternative [10].  Cations or anions 

will migrate to cathodes or anodes when applied electrical field, penetrating the IEMs, combined by 

carbon particles and staying in the electrode suspension. Through this unique ion adsorption 

process, no extra REG processes are needed for FCDI, also continuous high ion removal capacity 

can be realized if supplying unlimited flowing carbon-particle suspensions [18]. 

 

Figure 2-8 Schematic of FCDI [18] 
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Applying CDI for seawater desalination, hybrid CDI (HCDI) have been argued to be useful. 

HCDI exhibits very high sodium adsorption capacity (31.2 mg/g) compared to a typical CDI 

architecture (13.5 mg/g) [19]. HCDI combines a battery electrode (Na4Mn9O18) as cathode, which 

captures Na+ through chemical interaction, and activated carbon as anode.  This kind of architecture 

works effectively and efficiently for ion removal and exhibits excellent stability in an aqueous 

sodium chloride solution [19]. Schematic of Na+ being captured with such system is shown in Fig.2-

9. Due to its non-selective anode, this architecture can also be used for treating Na+-rich industrial 

wastewaters.  

 

Figure 2-9 Schematic of Na+ removal with HCDI cell[19] 

2.2 Ionic properties in aqueous solution 

This work aims to study ionic dynamics during CDI charging and discharging operations, to 

understand the dependencies in electrosorption and desorption and apply the findings to deionize 

industrial wastewater. For any electrosorption process the properties of ions in aqueous solution are 

of great importance, and as per previous reports [20], ionic hydrated radius and ion hydrolysis are 

important factors that determine individual ion electrosorption and will be discussed in detail 

below. 

When salts of ions are dissolved in water, irrespective of whether they are cations or anions, 

they will exhibit solvation processes, which refers to the formation of concentric shells of solvent 

around the ionic species as a result of the interactions between ionic species and solvent molecules. 

If the salts are dissolved in aqueous solutions, the processes are referred to as hydration as 

schematically represented in  Fig.2-10.   
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Figure 2-10 Schematic representation of hydrated cation and anion [20] 

 

All ionic species exist in hydrated form in aqueous solution and the hydrated radii determines 

the ion mobility, which is a critical factor governing the CDI electrosorption rate [11]. On the other 

hand, the existing form of ions are also critical for capacitive adsorption, which is influenced by ion 

hydrolysis under experimental conditions. Without external forces and fields, water molecules 

themselves can deprotonate into hydronium and hydroxide ions, when counter ions from weak acid 

or weak base are present in the solution; free hydronium or hydroxide ions can combine with the co-

ions from the acid or the base to form a conjugate species affecting mobility and charge on the ion. 

Additional water molecules are deprotonated during the process releasing more ions to balance the 

process, when the ionization and recombination finally reach an equilibrium. As a result of ion 

hydrolysis, weak acid or base forms in proximity of the carbon electrodes affecting the solution’s pH 

that can be shifted during a typical CDI process. Simple simulations can be used to study these 

effects to better understand the state of an ion in water of certain pH. Such analysis was applied to 

both the cations and anions of interest in our case, as explained in the results and discussion 

section. 

2.2.1 Cations 

To study the effects of charge density and ionic size on cation electrosorption, Na+, Ca2+, Zn2+ and 

Al3+ are chosen, representing monovalent, divalent and trivalent ionic species, and synthetic 

solutions for each were prepared in aqueous solution in order to have the counter ions (chlorides) to 

also dissolve thoroughly in water.  These cations apart from being different in valences, vary 

considerably in hydrated sizes (see table 2.1) and mobility [21, 22].   

 

Table 2.1 Hydrated radius of common metal ions[21] 

Ion  Crystal radii (Å) Hydrated radii (Å) 

Al3+ 0.50±0.02 3.77 

Zn2+ 0.70±0.07 2.95 

Ca2+ 1.03±0.05 2.71 

Na+ 0.97±0.06 2.18 
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2.2.2 Anions  

Cl-, NO3
-, PO4

3- and SO4
2- are typical inorganic contaminations found in most industrial wastes. 

Their sodium compounds have good solubilities and their hydrated radii (Table 2.2) and structures 

vary a lot.   

 

Table 2.2 Hydrated radius of anions [21, 22] 

Ion  Crystal radii (Å) Hydrated radii (Å) 

Cl- 1.80±0.07 2.24 

SO4
2- 2.42±0.07 2.73 

NO3
- 1.77±0.02 2.23 

PO4
3- 2.38±0.11 2.92 

2.3 CDI application in industrial wastes 

Commercial production and application of CDI technologies is already realized and is very satisfying 

regarding the purification effects and energy consumption[23-25].  Interested parameters like water 

purification performance and specific electrical energy consumption (SEC, kWh per cubic meter) are 

listed in table 2.3 below.  

 

Table 2.3 Deionization effects and energy consumptions of several industrial wastewaters[23] 

 

From the table above, electricity consumption at operation phase of CDI is quite low compared 

with other desalination techniques (Table 2.4), thus energy related environmental impacts are also 

limited. 

 

Table 2.4 Approximate ranges of SEC of various desalination technologies[26] 

Technology SEC (kWh/m3) 

Field Scale Contamination 

Water 

recovery 

rate 

Ion removal 

rate 

SEC 

kWh/m3 

Petrochemical 

(2006) 
2400 m3/day 

Oil, sulfur, benzene, 

alcohol, catalyst, additives, 

reaction residues 

75 % 65 % 1.33  

Thermal power 

plant sewage 
15000 m3/day 

Suspended insoluble 

species 

Acid and basic 

fluorine 

75 % 72 % 2.0  

Coal mining and 

processing 
10000 m3/day 

Emulsified oil 

Organic 

Sulfate 

75 % 65 % 1.0  

Paper mill 6000 m3/day 

Dissolved organic 

polymers, alcohols, 

chelating agents, chlorates, 

transition metal 

contaminations 

75 % 70 % 1.0  
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MSF 10-58 

MED 6-58 

RO 2-6 

CDI 0.1-2.03 

 

Another company gives a very attractive ion removal performance using their product, Alfa, 

within a single cycle of treatment (Table 2.5).[25] 

 

Table 2.5 Industrial wastewater quality change with a single treatment with an Alfa Unit[25] 

 Income Outcome Reduction 

Total Hardness  13 °F 2 °F 84.6% 

Conductivity (20°C) 338 µS 51 µS 84.91% 

Fluorides 0.51mg/l 0.051 mg/l 90.00% 

Nitrates 38.3 mg/l 3 mg/l 92.16% 

Chlorides 9.37 mg/l 1.18 mg/l 87.40% 

Calcium 34.1 mg/l 5.08 mg/l 85.10% 

Magnesium 11.26 mg/l 1.52 mg/l 86.50% 

Sodium 23.37 mg/l 5.27 mg/l 77.45% 

Arsenic 19 µg/l 3 µg/l 84.21% 

Ionic Iron (compressed or 

colloidal) 
908 µg/l 76 µg/l 91.62% 

Total coliforms in 100 ml 70 u.f.c. 4 u.f.c. 94.28% 

 

Another company developed a series of MCDI devices for industrial purposes. They have 

reported high water recovery rate up to 90% and ion removal up to 90% while the SEC is only 0.4-

0.8 kWh/m3.[24] 

However, drawbacks for CDI commercial application into industrial fields also exist. Although 

CDI requires less electricity input, but total cumulative energy needed from material fabrication till 

wastewater desalination can reach up to 6.6 kWh/ m3[27]. On the other hand, material utilization 

and chemical use inevitably introduce negative impacts on the environment, for instance, Titanium 

used for current collector could lead to fresh water aquatic, marine aquatic and terrestrial 

ecotoxicity problems [27], which need to be solved urgently for mass production and commercial 

application.   
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3 Materials and Methodology 

3.1 Instruments and Materials 

3.1.1 Chemicals & Materials 

Chemicals used in this work are: Sodium Chloride (NaCl), Sodium Nitrate (NaNO3), Sodium 

Sulphate (Na2SO4), Sodium Phosphate monobasic (Na2HPO4), Calcium Chloride (CaCl2.2H2O), 

Aluminium Chloride (AlCl3.6H2O), Zinc Chloride (ZnCl2), from Sigma-Aldrich, all of analytical 

grade purity. Chemicals were weighed as expected amount and dispersed in deionized water, to 

obtain pre-determined concentrations. 

Activated carbon cloth (FM 100 and FM 10) from Chemviron UK were used as electrode 

materials. Standard coffee filter paper was used as the electrode separators and standard graphite 

foil of thickness 0.3 mm from Minseal USA was used as the current collector. 

3.1.2 Measurements & Characterization 

Power input for CDI was provided through RND lab DC power supply (RND 320-KA3305P) which 

has two variable (0-30 Vdc) and one fixed (5 Vdc) channels. Voltage and current in the CDI cell was 

measured with Keithley Digit Multimeter (2110 5 1/2) with a PC interface for recording and 

subsequent analysis. 

During the experiments, conductivity of bulk solution was detected by using eDAC ET915 dip in 

type electrode connected to a conductivity isopod (EPU357) with inbuilt software for visualization 

and recording of the conductivity profile of the water sample undergoing the CDI process. 

Adjustable peristaltic pump was used to circulate sample solutions in the CDI cell. For all the 

CDI processes, flow rate is 300ml/min. To uniformly mix the liquid coming out from the cell and 

the bulk solution in the beaker, a magnetic stirrer is introduced in this setup, with stirring speed 

300 rpm. 

3.1.2.1 Anion profile analysis with Ion Chromatography (IC) 

To measure the anion concentration of collected samples, IC (Eco-IC from Metrohm AG) is used, 

after careful calibration, this testing method will give out rather precise concentration with a 

minimum anion tracing level of several tens of ppb (1ppb=1g/L). 

Ion chromatography (IC) is useful for determining both organic charged species and inorganic 

ions with a net negative charge, as the column used is an anion exchange column (Metro A-Supp 

5 100/4.0). In this work, concentration of cations is measured with ICP and anions were determined 

using IC. 

The work of IC relies on an ion exchange column. Coulomb interactions exist between stationary 

phase inside the column and free charged species, whose size and charge differ a lot, leading to 

different affinity to the column. Bound anions can be eluted from the column by elution buffer (in 

this work NaHCO3 is used as elution buffer). During elution, different affinity will lead to different 

retention time, which separate different types of ions. The liquid mixture coming out from the 

analyzing column is tested with a conductivity meter and interpreted to ion concentration with 

respect to time as the x-axis. 
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3.1.2.2 Cation profile analysis via Inductively Coupled Plasma (ICP) 

Inductively coupled plasma- optical emission spectroscopy (ICP-OES) is used to detect the metallic 

elements, which is a type of emission spectroscopy relying on inductively coupled plasma to excite 

atoms and ions. ICP-OES is a quick and accurate method for most chemical elements. ICP-OES 

consists of two main working parts, plasma ignition part and optical spectroscopy. In the ICP part, 

Argon gas is used to produce plasma. With high radio frequency signal flowing through the coil, an 

intensive electromagnetic field is generated, which is key to ionize neutral argon atoms. Inelastic 

collisions happen between neutral argon atoms and charged particles, creating a stable and high 

temperature plasma flame. 

A peristaltic pump delivers the aqueous or organic solution to be analysed, into the nebulizer, in 

which the liquid is changed into mist and directed into the plasma flame. Collisions between 

sample, charged ions and electrons cause the electrons in sample molecules to repeatedly lose 

electrons and recombine, leading to emissions at characteristic wavelengths. 

In the optical spectroscopy part, complex optical setups are used to separate the emitted light 

according to their wavelengths. In the optical chamber built inside the system, light intensity is 

measured with photomultiplier tube. After comparing with previously measured emission 

intensities of already-known concentrations of elements, light intensities of the sample can be 

changed to concentrations by computing with interpolation along the calibration curve. 

3.1.3 Capacitive Deionization Experiments 

For the capacitive deionization experiments two types of CDI cells were used during the 

experiments: Flat CDI cell and Cylindrical CDI cell.  

3.1.3.1 Flat Cell 

A flat CDI cell that can be dismantled and rebuilt with ease, was used in the initial testing phases. 

We used the flat CDI cell to test optimum working conditions prior to utilising the cylindrical cell. 

Especially for the industrial waters, initial tests regarding fouling propensity of the water, the 

appropriate voltages and corresponding current trends were studied in the flat cell. The degradation 

of organic contaminants was studied primarily in the flat cell.  

For single flat cell (Fig.3-1), graphite sheet acts as the current collector and two layers of 

activated carbon cloth together serve as positive and negative electrodes, which contribute to ion 

electrosorption.  Both cathode and anode are built in same structure, with two layers of spacer 

material sandwiched in between. Spacer materials should be insulator but porous, letting the ions to 

pass through as well as preventing the circuit from short-circuit. 
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Figure 3-1 Schematic of structures of a flat CDI cell 

3.1.3.2 Cylindrical Cell 

The cylindrical CDI cells (Fig.3-2) were fabricated (based on a scaled down design from Stockholm 

Water Technology AB, Sweden) to be strictly flow-through in nature to increase the probability of 

ion adsorption and fluid contact with the electrode surfaces. All the CDI cells were washed with 

large amount of DI Water prior to being used for the experiments. 

 

Figure 3-2 Strictly flow-through cylindrical CDI cell. Scaled down version of design from Stockholm Water 

Technology ABs 

3.2 Experimental design 

Ion electrosorption and competition between various ionic groups during CDI processes is studied 

using solutions with mixed ions. Experiments consisted of two stages; the first stage was to study 

the synthetic solutions and the second was to expand the findings to industrial wastewater. 

In industrial wastewater, both metal ions and inorganic anions exist. Most of the metal ions are 

monoatomic, but anions vary a lot both in charge and structure, making study on anions harder 

than on cations. So, the experiments involving cations were performed first, followed by anions. 
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3.2.1 Synthetic water samples  

3.2.1.1 Study of cation electrosorption trends 

Synthetic water samples containing of a mix of cations were prepared in DI water. To create the mix, 

different cationic salts with the same anionic counter-ion was chosen, like sodium chloride for 

sodium (Na+), calcium chloride for calcium (Ca2+) and aluminium chloride for aluminium (Al3+). All 

the salts were tested individually and in combination with other salts, with the cationic 

concentration in each experiment being 300 ppm per cation. The prepared individual and mixed 

solutions were passed through the cylindrical CDI device with an applied potential of 1.6 Vdc and a 

flow rate of 300 ml/min in batch mode operation with a water volume of 1000 ml. Water samples 

for cation analysis were collected at 0, 5, 10, 15, 30, 45 and 60 minutes and subsequently analysed 

by ICP-OES to obtain a trend of the concentration of ions at different time of the process during the 

batch mode desalination cycle. For the ion analysis, all samples were diluted 50-fold using DI water 

prior to running them through the ICP-OES. 

Among the cations, sodium chloride is the first to be studied, because both sodium and chloride 

are monoatomic and monovalent ions, which provides convenience for study. After behaviours for 

these ions are studied, calcium as a common divalent cation was selected, with the counter ion 

unchanged. The combination of Ca2+ and Na+ gives out good results in capacitive deionization.  

Then, AlCl3 as a usual source of trivalent ion was used in the complex mixture.   

 

3.2.1.2 Study of anion electrosorption trends 

For the study of anions, the cationic counter ion was kept constant, like sodium chloride for Cl- 

sodium nitrate for NO3
-, sodium phosphate for PO4

3- and sodium sulphate for SO4
2-. Since 

monoatomic ions are well studied, multiatomic ions are preferred in the study of anions. Two sets of 

experiments with respect to nitrates were conducted, wherein nitrates and sulphates as a mixture 

and nitrates with phosphates as a mixture are studied. In the next step, a mixture of multiple anions 

like Cl-, NO3
-, PO4

3-, SO4
2- was made and the inter-dependencies of each ion along with their 

electrosorption rates were studied. Similar to the cationic experimental protocol, the prepared 

anionic solutions were made with a concentration of 300 ppm per ion, which was subsequently 

passed through the cylindrical CDI device with an applied potential of 1.6 Vdc and a flow rate of 300 

ml/min in batch mode operation with a water volume of 1000 ml. Water samples for ion analysis 

were collected at 0, 5, 10, 15, 30, 45 and 60 minutes and subsequently analysed by IC to get a trend 

of the ionic behaviour at different points during the batch mode desalination cycle.  For anion 

analysis, all samples were diluted 50-fold using DI water prior to running them through the IC.  

3.2.2 Industrial wastewater deionization 

For wastewater from industry, ionic contaminations are more complicated than synthetic samples 

and the power consumption during CDI is of great concern. Three different industrial wastewaters 

were obtained, namely, GA1a, provpunkt and HCl Flue gas, from mining industries and waste 

treatment facilities, respectively. Since the experiments are aimed to obtain optimized ion removal, 

all the wastewater samples were repeatedly deionized for several CDI cycles through the cylindrical 

CDI cell to remove as many cations and anions as possible. Water samples for ion analysis was 

collected by the end of each cycle and analyzed by ICP-OES and IC to substantiate the trends of both 

cations and anions removal during batch mode CDI cycles. All the sample were directly analyzed for 

the initial concentration of each ion varying from several ppm to hundred ppm, if diluted, lower 

concentrated ions are undetectable. Power consumption was  calculated from total charge input (Q) 
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to the electrodes, derived by integrating the recorded current values versus deionization time, and is 

calculated with the equation W=UQ, wherein W refers to power consumed, U refers to the constant 

voltage value (units involved are converted to SI units). 

For better understanding on the role of liquid used for regeneration, two different regeneration 

agents are used. For HCl flue gas and Ga1A, DIW serves as the regeneration liquid for thoroughly 

cleaning the cell and maximum ion removal. In contrast, mining wastewater named provpunkt is 

repeatedly cycled through the cylindrical CDI cell during CDI & REG cycles to prove effective cell 

regeneration process. 

For efficient ion removal, CV 2.0 V is used. Flow rate 300 ml/min and stirring speed 300 rpm 

were kept constant for all the experiments. 
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4 Results and Analysis 

4.1 Synthetic water samples 

4.1.1 Electrosorption of cations in solution 

Several cations (like sodium (Na+), zinc (Zn2+), calcium (Ca2+) and aluminium (Al3+) were 

investigated for their electrosorption properties in the CDI cell. Cations ranged from monovalent to 

trivalent and with different hydrodynamic radius. Results on their electrosorption properties are 

described below. 

4.1.1.1 Single cation in solution 

4.1.1.1.1 Sodium  

Sodium (in the form of NaCl) is chosen to be the first objective for CDI study, as it is monovalent 

cation and has good solubility in aqueous solution. The initial concentration of NaCl was maintained 

at 1000 ppm, with the Na at approximately 500 ppm in the feed solution to be desalinated. The 

experiment was conducted in Batch mode, wherein the desalinated solution is subsequently used for 

regenerating the CDI cell, giving us insights into the cell regeneration in water with conductivity 

similar to that of the feed water.  During the electrosorption process, a reduction of 43 ppm under a 

constant voltage of 1.6V, compared to initial solution was observed, i.e. 8.5% of Na+ is electro 

absorbed on the electrode surfaces as can be observed in figure below. During zero-volt discharging 

stage, maximum 28.35 ppm of sodium is expelled out from the electrical double layer, which means 

65.9% of the absorbed Na+ comes out. This shows that while the regeneration is quite effective, it 

still leads to a lot of trapped ions which seem to be permanently adsorbed. None the less, the ratio of 

ions coming out during regeneration to the ions removed during desalination reaches close to unity 

upon continued operation and more cycling of the cell.  

 

 

Figure 4-1 CDI removal and REG of Na+  

 

For the first 45 min during the deionization cycle, concentration of sodium keeps monotonically 

decreasing, indicating sodium can be effectively removed from bulk solution by CDI.  Concentration 

decreases rapidly in the first 15 minutes and slows down after that. This is because electrode 

surfaces are clean, vacancies for Na+ attaching are available in the first 15 min, subsequent to which 

fewer attaching sites are empty, leading to slower ion removal. From 45 min to 60 min, the 

concentration goes up as a result of the absorbed Na+ escapes from the EDL, one probable reason is 
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that after EDL is saturated, there is some form of equilibrium between ions electrosorbed and ions 

getting released from the electrical double layer, which has been observed by to follow a cyclic 

pattern in the range of minutes.  

4.1.1.1.2 Zinc 

Zinc as divalent cation and is expected to show good removal by CDI. In the case of Zinc, the 

experiments were taken a step further to study successive desalination cycles, in order to mimic how 

many CDI units will be required to be connected in series to reduce zinc content to pre-determined 

levels. 5 CDI desalination and regeneration cycles were used, with each regeneration cycle using DI 

Water to remove any trace zinc content on the electrodes. Conductivity meter was used to track the 

deionization process.  In each cycle, CDI process is stopped whenever minimum conductivity is 

observed, which lasted for approximately 25 minutes. Before each deionization cycle, the zinc 

content of feed water is measured to account for any dilution taking place due to DI water 

regeneration. 

Table 4.1 Removal of Zn2+ within 5 repeated CDI cycles 

CDI Cycle Number Zn2+ Conc. 

(ppm) 

Removal 

(ppm) 

Percentage 

Ori 511.0 0.0 0% 

1 442.4 68.6 13% 

2 327.5 183.5 36% 

3 265.2 245.8 48% 

4 234.7 276.3 54% 

5 215.4 295.6 58% 

A reduction of 68.6 ppm is observed in cycle 1. Compared to the initial content of zinc in the 

water sample, 13.4% of Zn2+ is electro absorbed on the electrodes. 295.63 ppm of Zn2+ is removed 

within 5 cycles, which equals to a proportion of 57.8%. The total removal and accumulation of Zn2+, 

is 300mg, given the volume of liquid in both processes are roughly equal, which indicates almost all 

the attached cations are expelled back to water during cell regeneration processes. Undoubtedly, DI 

water works better as a cell regeneration liquid, but is unrealistic for industrial scale operations. 

Comparing results of zinc and that of sodium, zinc removal is found to be better than sodium 

even with a shorter CDI time. This removal difference mainly comes from its higher valency (net 

charge), which leads to stronger adhesion force between cations and electrodes.   

4.1.1.1.3 Aluminum  

Aluminum hydrolyze in water, producing Al(OH)3 and bringing pH of the solution from 6.5 to 3.7.  

Thus Al3+ removal is considered to be a problem for capacitive devices.  Experiments on Al3+ 

removal studies were carried out under the same conditions as sodium and zinc and the obtained 

results are shown below (Table 4.2).  DI water again, was used for cell regeneration. For aluminum, 

the CDI time for each cycle is close to 30 min. Longer saturation time is mainly due to the lower ion 

mobility despite Al3+ has higher valence. 

Table 4.2 Removal of Al3+ within 4 repeated CDI cycles 

CDI Cycle Number Al3+ Conc. (ppm) Removal (ppm) Percentage 

Ori 406.7 0.0  0% 

1 401.5 5.2  1% 

2 326.6 80.1  25% 

3 279.1 127.6  46% 

4 250.5 156.2  62% 
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Surprisingly lots of Al3+ is removed with CDI, during the first cycle, 74.9 ppm (18.6%) of Al3+ is 

removed, even greater than that of zinc (13.4%) due to its higher valency state.  CDI removal of 

aluminum is not affected by H+ given the CDI time is limited. For four repeated CDI cycles, total 

removal is 151 ppm that is about 37.6% removal. Compared to the same three cycles of Zn2+ (207 

ppm, 46.9%), Al3+ is not very effectively removed, probable reasons are Al3+ has larger hydrated 

radius and the acidic pH leading to a large content of hydronium ions of H3O+.  Larger hydrated 

radius makes the available sites on the electrode surfaces less and in addition, H3O+ would compete 

with the Al3+ ions, where the faster mobility of H3O+ might lead to its preferential adsorption. 

4.1.1.2 Double cation in solution  

The next set of experiments were aimed at observing and tabulating the behavior of singly, doubly 

and triply charged cations in a mixture. The experiments were first conducted with a mixture of two 

different cations and then with all three cations together. 

For the mixtures, the concentration of each cation was maintained at 300 ppm each and the 

counter ions were always chlorides. All experiments were performed in batch mode and the 

previously desalinated solution was used as the regeneration solution. 

4.1.1.2.1 Na+ and Ca2+ 

In the first set of two cations, Na+ and Ca2+ are mixed for exploring the differences between 

monovalent and divalent cations in mixture. For the combination of Na+ and Ca2+, the anions are 

showing the similar trends (Fig. 4-2). At the beginning, both ions are absorbed quickly, sodium are 

absorbed quicker than calcium for its higher mobility. After 30 minutes of electrical input, Na+ 

concentrations go up and Ca2+ concentrations continuously decrease as a result of the electro double 

layers’ saturation and replacement of Na+ by Ca2+. Bivalent cations show higher selectivity than 

monovalent cations. 

 

Figure 4-2 Ca2+ and Na+ Concentration over CDI Process for one desalination-regeneration cycle.  For actual 

values, the concentrations in the figures need to be multiplied 50 times (as they were diluted with 

DI water prior to ICP analysis) 

4.1.1.2.2 Zn2+ and Al3+ 

In the next set of experiments, Al3+ and Zn2+ are mixed and desalinated, wherein it can be observed 

that Al3+ are much more removed than Zn2+, competitions between them in forming electro double 

layers is an arising problem. To explore this competition, Zn2+ and Al3+ are dissolved in the same 

solution. Counter ion remains chloride and DI water was used for regeneration to exclude all other 

possible influencing factors. Figure below gives the results of Zn2+ and Al3+ CDI experiments.   
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Table 4.3 Removal of Al3+ and Zn2+ within 5 repeated CDI cycles 

CDI Cycle 

Number 

Al3+ Conc. 

(ppm) 

Removal 

(ppm) 

Percentage Zn2+ Conc. 

(ppm) 

Removal 

(ppm) 

Percentage 

Ori 418.3 0.0 0% 421.7 0.0 0% 

1 355.8 62.5 18% 356.2 65.5 18% 

2 309.5 108.8 35% 315.9 105.8 33% 

3 269.3 149.0 55% 277.6 144.1 52% 

4 249.5 168.8 68% 260.6 161.1 62% 

5 239.6 178.7 75% 253.5 168.2 66% 

 

For the first cycle, 15.5 % (65.4 ppm) of Zn2+ is removed, 14.9 % (62.5 ppm) of Al3+ is removed, 

which is better than what was observed for Zn2+ (13.4 %) individually, but lower than what was 

observed for Al3+ individually (18.6 %). This is probably due to the fact that aluminum in its 

hydrated form has a lower mobility and with zinc ions available for adsorption, thermodynamics 

will enable more zinc removal. Nonetheless, it is interesting to note that despite the possibly large 

difference in mobility, the % removal is very similar for both the ions, which could be mediated by 

the higher charge of aluminum ions. This particular experiment was also repeated with multiple 

cycles to see the successive reduction dynamics, the results of which indicate that in the longer run, 

Al3+ does indeed seem to show better selectivity.   

4.1.1.3 Triple cations in solution 

Al3+, Ca2+, Na+ is put into same solution with constant 300 ppm concentration of each kind, to get a 

good understanding about preference and replacement of cations during CDI process.   

Calcium as a divalent cation that can enter in the electrode matrix due to its smaller hydrated 

radius. The reason of such choice is originated from the early assumption in this work based on 

Coulomb’s law.  

F = 𝑘𝑒
𝑞𝑞′

𝑟2
 

Bigger size lead to smaller attraction force, while higher valence corresponds to larger force. The 

magnitude of hydrated radii of these cations is Al3+>Zn2+>Ca2+>Na+, and the magnitude of the 

attraction between the ions and electrode should be Al3+>Ca2+> Zn2+>Na+.  For more obvious 

difference in attraction force and removal effect, calcium is considered instead of zinc. Thus, in this 

set of experiments, higher selectivity of Al3+ over the other two is expected, followed by Ca2+, 

removal of Na+ should be the least, given the CDI desalination is not allowed to run into electrode 

saturation due to the reduced charging time scales (60 min) used.  Competition and replacement 

between these ions which could occur at any period during the desalination is also expected.  

Moreover, hydrolysis behavior of both calcium and zinc is also compared (see Appendix A for 

details), both of which remain free metal ions in aqueous solution. 

Surprisingly very suppressed concentration reduction is observed in this case, as is shown in the 

results (Fig. 4-3). However, something in common over the three cycle can be noticed.  Sodium is 

absorbed quicker in the first 15 minutes, then after 45 min, it is expelled back to bulk solution; while 

the removal of sodium is largely enhanced, the removal of aluminum and calcium slow down. 
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Figure 4-3 Ion Content of Cations over Three Separate CDI Cycles for 300 ppm Al3+, Ca2+ and Na+ (For actual 

values, values on graph axis need to be multiplied 50 times) 

 

Upon further investigation with the multivalent solutions we observed that the pH of the 

solution changed during desalination from 3.73 (initial) to 4.2 (after desalination). While this is an 

expected result, the large pH change might affect the ion removal capacity for the multivalent 

solution. To better understand the competition between the three ions,  two separate experiments 

with Ca2+ + Al3+ and Na+ + Al3+was carried out, results of which is discussed below. 

4.1.1.4 Double cations experiments for addressing the issues observed with aluminum 

adsorption/desorption 

4.1.1.4.1 Ca2+ and Al3+ 

Keeping all the other experimental conditions constant, Ca2+ and Al3+ were mixed together wherein 

a suppressed ion removal was observed upon CDI operation again (Fig. 4-4). 

 

Figure 4-4 Cation Content over Single CDI Cycle for 300 ppm Al3+ and Ca2+ 

Almost no removal is observed with the combination of Ca2+ and Al3+.  Maximum removal of 

Al3+ is 7.3 ppm, less than 3% with a subsequent maximum removal of Ca2+ at 6.35 ppm, also less 

than 3%. Compared with results shown above, this removal efficiency is marginal. After 45 minutes 

of regeneration, concentrations of both species do not rise back to their original concentrations, 
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which is a proof that some chemical reactions take place and any ion reduction noticed during 

desalination phase cannot be attributed to electrosorption alone. 

Several reasons lead to the situation. The problem of Al3+ ions is that the aluminum 

electrosorption is severely limited due to the formation of [Al(H2O)6]3+ upon hydrolysis of 

aluminum, which might make it much bigger than both the other cations in solution, thus limiting 

its electrosorption. 

The acidity of the solution is measured to test these possible reasons. Initial solution has a pH of 

3.7, while the value increases up to 4.5-5 after CDI. It can be seen from Fig. 4-5 below that 

complicated species are formed when acidity of solution goes up. 

 

Figure 4-5 Allowed existing forms of Aluminum derivatives  

4.1.1.4.2 Na+ and Al3+ 

Results for Na+ and Al3+ are shown in Fig. 4-6 below. 

 

Figure 4-6 Ion Content of both anion and cations over Single CDI Cycle for 300 ppm Al3+ and Na+ 

2 4 6 8 10 12

-8

-6

-4

-2

0

L
o
g
 C
o
n
c
.

pH

H+

Al3+
Ca2+

Al(OH)2
+

Al(OH)3

Al(OH)4


Al2(OH)24+

Al3(OH)4
5+

AlOH2+

CaOH+

OH
Al(OH)3(cr)

[Al3+]
TOT

 =   10.00 mM [Ca2+]
TOT

 =    7.50 mM



 

27 
 

 

Upon comparing the removal trends for Na and Ca in the Na++Al3+ and Ca2++Al3+ experiments, 

Na+ performs significantly better than Ca2+.  Ca2 +, unlike other cations, has been noted to have 

unique interactions with phospholipids.[28]  Ca2+ may bind more strongly than A13+ or Na+ to the 

negative sites regulating membrane conductance as in cells.  

Al removal trends for both experiments are similar (Fig. 4-4 and Fig. 4-6). For the Na++Al3+ 

experiment, Na has a reduction of 19.4 ppm over 60 minutes, while Al has a reduction of 7.7 ppm 

and chloride has a reduction of 62.65 ppm. The reason for the big asymmetry between the two 

cations and anions could be due to hydrogen/hydronium ions, which could take up the electro-

sorption sites on cathode surface, providing the fact that 300 ppm Al3+ make the pH of the aqueous 

solution approximately 3.7. 

 

4.1.2 Electrosorption of anions 

Cl-, NO3
-, PO4

3-, SO4
2- electrosorption trends are studied. Alike cations, anions ranged from 

monovalent to trivalent and with different hydrodynamic radius.  Formation and stability of 

[Na(Cl)]•, [K(Cl)]‘, [Mg(Cl)]+ and [Ca(Cl)]+ complexes have been studied by several authors.[29] 

Introduction of Cl- complexes significantly alters the speciation of the simple Na+, K+, Mg2+, Ca2+, 

HCO3
-, CO3

2-, SO4
2-, (Cl-) systems, with particular regard to the percentage of free metal ions.[30]  

Just as the anions were kept constant for all cation related experiments, a common cation (Na+) 

based salts are used for all anion related experiments. Thus, sodium salts of chlorides, phosphates, 

sulphates and nitrates have been used to avoid complicating the anion electrosorption trends on 

cation differences. Literature reports on the selectivity of anions is limited. One particular study 

from  Li et al.[20], indicates that nitrates show a higher selectivity over halogen ions, nonetheless 

the selectivity between nitrate and sulfate is not studied well enough.  Also, the competition between 

nitrate and phosphate is not explored in literature. Hence experiments aiming at these two ion 

combinations are carried out to study the respective electrosorption trends. 

4.1.2.1 Single anion in solution 

Chloride as the common counter ion used in cation experiments is well studied. Chloride behaves 

simple as it is monoatomic and monovalent. Chloride will be attracted by CDI electrodes with 

electrical input, reaching saturation at around 30 min and keep stable after that. Sometimes tiny 

amount can be released if disturbance happens to the system, which is negligible. During 

discharging, all the attached chlorides would be released, suggesting no chemical interaction 

happens between electrodes and chlorides, aided by the high redox potential of the chloride ion. The 

electrosorption and regeneration trends of chloride ions for the various combinations of cations are 

depicted graphically in the Fig. 4-7, 8, 9. 
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Figure 4-7 Cl- Concentration of Ca2+ and Na+ experiments.  For actual values, values on graph axis need to 

be multiplied 50 times 

 

Figure 4-8 Cl- Concentration of Al3+ and Na+ experiments 

 

Figure 4-9 Cl- Concentration of Al3+ and Ca2+ experiments 

4.1.2.2 Double anions in solution 

4.1.2.2.1 Nitrate and Sulfate 

Results on NO3
- and SO4

2- electrosorption trend is shown as below.   
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Figure 4-10 Concentration of NO3
- and SO4

2- over CDI and REG 

39.3 % of nitrate is removed compared to just 13.9 % for sulfate ions and there was no hint of 

replacement between anions with increased desalination time. Hence, despite the higher charge 

density of sulfate ions, nitrates show much better electrosorption than sulfates, contradicting the 

conclusions of Li et al. All the absorbed anions are released during the regeneration, thus no 

chemical reaction between either nitrates of sulfates exists.  We postulate that the smaller hydrated 

size of NO3
- leads to better affinity to electrosorption, suggesting that for anions, hydration ion size 

seems to have a higher priority over charge density, which is contrary to what was observed for 

cation mixtures.   

4.1.2.2.2 Nitrate and phosphate 

Similar to NO3
- + SO4

2- mixture, nitrate is effectively removed in the combination of NO3
- + PO4

3- 

(Fig. 4-11). The result aligns with the conclusions above. However, when the desalination time 

exceeded the 30-minute mark, concentration of nitrate begins to increase, and phosphate continues 

to decrease. However, it is important to note that despite phosphate ion having a 3- charge 

compared to 1- of nitrates and both ions having similar hydrated ion sizes, nitrates still seem to have 

a higher selectivity for the first 30 minutes. Nonetheless after the 30-minute mark, we see some 

charge density related effects coming into play and nitrates being replaced by phosphates on the 

electrode surfaces. Reasons for the higher selectivity of nitrates is still unclear and needs further 

experimentation and analysis on shape related electrosorption effects. 

 

Figure 4-11 Concentration of NO3
- and PO4

3- over CDI and REG 

4.1.2.3 Quadruple anions in solution 

As a final step, all four anions (Cl- NO3
-, SO4

2- and PO4
3-) were mixed in one solution with 300 ppm 

concentrations each and their respective electrosorption trends was studied.  
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Figure 4-12 Concentrations of Anions during CDI and REG.  For actual values, values on graph axis need to 

be multiplied 50 times 

The results shown in Figure 4-12 indicate that similar to the two-anion combination 

experiments, nitrates are more efficiently absorbed right form initiation of electrosorption and after 

reaching a point of maximum absorption at approximately the 30 min mark, starts getting 

exchanged with phosphates and sulfates. Additionally, despite chlorides and nitrates having similar 

mobility and charge, the affinity of chloride to electrode surface is much lower than that of nitrate, 

which we postulate could arise due to the difference in distribution of polarized water molecules on 

the ion surface.   

 

4.2 Industrial wastewater 

Upon completing the study of the various cation and anion combinations and observing their 

trends, industrial water samples (copper mining industry) with a multitude of anions and cations 

were passed through the CDI device and the ion concentrations were studied and relations were 

made based on observations made from the study of individual ions. 

4.2.1 Mining Water Sample 1 

4.2.1.1 Ion removal 

Sample 1 from the mining industry (pH ~5) was analyzed using ICP-OES and IC and was observed 

to be rich in base metals and small amount of heavy metals. During the deionization cycle, a slightly 

higher voltage of 2.0 V was applied across the CDI device to enable faster electrosorption of the 

higher contamination concentrations (Table 4.4). It should be noted that prior to being passed 

through the CDI device, the water sample were filtered using a 25m pore size filter paper to remove 

suspended particles. Multiple deionization cycles were performed with the water sample and the ion 

removal trends were measured.  The regeneration of the CDI cell was achieved by passing untreated 

mining water through the device with the electrodes shorted. Base metals are largely removed due 

to their comparatively higher initial concentrations, while heavy metal ions with lower initial 

concentrations are removed to a lower extent and in some case no removal could be observed. 

Table 4.4 Ion removal of mining water sample 1 with capacitive deionization 

 

Original 

Concentration 

(ppm) 

C1 

Removal 

(ppm) 

C2 

Removal 

(ppm) 

C3 

Removal 

(ppm) 

C4 

Removal 

(ppm) 

C5 

Removal 

(ppm) 

F- 1.658 0.225 0.603 0.672 0.691 0.868 

Cl- 49.579 9.716 20.964 27.382 30.869 35.242 

Br-  0.741 -0.627 -0.626 -0.268 -0.113 -0.124 
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NO3-  16.149 8.374 10.763 11.648 12.157 11.886 

SO42- 531.018 43.918 101.729 154.836 192.943 218.054 

Cu 0.010 -0.142 -0.053 -0.044 -0.050 -0.039 

Sb 0.114 -0.005 0.001 0.023 0.029 0.041 

Zn 0.019 -0.277 -0.221 -0.125 -0.197 -0.295 

Ca 281.000 53.500 85.300 124.100 147.600 160.600 

K 98.470 20.555 28.890 42.245 50.455 58.750 

Na 57.700 10.410 14.610 21.140 26.410 29.940 

 

The sodium, potassium and calcium trends were like that as observed from the previous 

experiments done using synthetic test water. Calcium shows highest selectivity because of higher 

valence. Between monovalent cations, potassium is preferred for its smaller hydrated radius. As the 

electrosorption going on, sodium is even replaced by the other two. The behavior of zinc is quite 

surprising as zinc ions in individual cation tests showed very good electrosorption capacity, 

although regeneration was limited to around 58 %. The abnormal electrosorption and regeneration 

trends for Zinc and copper could be attributed to: 

1) contamination of such cations from experiments conducted with the same system before; this 

effect if feasible could be enhanced due to the low ion concentrations in the water.  

2) both copper and zinc are bivalent, which is not selected compared to higher valency cations 

during electrosorption processes.   

Antimony (Sb) exist in aqueous solution either in 3+ or 5+ state and is effectively removed 

despite the small initial concentration. 

As for the anions, the removal of sulfate and nitrate is quicker than that of chloride. After 5 

repeated cycles, monovalent anions, nitrate and chloride, are even released by electrodes, estimated 

to be replaced by sulfate which matches the analysis and conclusions derived from the synthetic 

samples quite well. 

4.2.1.2 Power consumption 

Table 4.5 Power consumption of CDI treatment of mining waste sample 1 

CDI cycle power consumption (kW•h) SEC (kW•h•m-3) 

1 0.000515094 0.515094 

2 0.000190373 0.190373 

3 0.000224056 0.224056 

4 0.000227294 0.227294 

5 0.000174989 0.174989 

Total 0.001331806 1.331806474 

 

4.2.2 Mining Water Sample 2 

4.2.2.1 Ion removal 

The composition of the second water sample is quite similar to the first sample in terms of metal ion 

content, but the acidity of the 2nd sample is higher (pH < 1). Regeneration liquid for this experiment 

is original water sample after undergoing filtration through a 25 m pore size filter to remove 

suspended particles.   
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Table 4.6 Ion removal of mining water sample 2 with capacitive deionization 

 

Original 

Concentration 

(ppm) 

C1 

Removal 

(ppm) 

C2 

Removal 

(ppm) 

C3 

Removal 

(ppm) 

C4 

Removal 

(ppm) 

C5 

Removal 

(ppm) 

C6 

Removal 

(ppm) 

F- 0.858 -0.243 -0.237 -0.414 -0.333 -0.316 -0.267 

Cl- 22.847 0.006 -1.714 -0.616 0.994 1.808 2.881 

Br-  4.624 -0.423 0.515 1.909 2.239 2.41 2.468 

NO3
-  10.650 1.419 4.052 4.148 4.453 4.745 4.807 

SO4
2- 431.049 5.906 18.458 43.013 62.662 73.831 82.891 

As 0.001 0.000 0.000 0.001 -0.001 0.000 -0.001 

Cu 0.005 -0.021 -0.033 -0.013 -0.010 -0.013 -0.009 

Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Sb 0.017 -0.016 -0.070 -0.105 -0.112 -0.110 -0.099 

Zn 0.017 -0.592 -0.751 -0.511 -0.408 -0.359 -0.364 

Ca 195.000 27.300 23.000 40.800 59.900 65.700 69.100 

K 23.480 4.490 -0.710 0.280 1.420 1.020 2.410 

Na 58.175 11.315 1.545 3.135 6.175 5.295 6.075 

 

The removal of both anion and cation is influenced by the existence of H+. For instance, calcium 

is absorbed by 10.9 % over CDI cycle 1, but the same cation is removed by 19 % from GA1a over the 

first cycle. After six repeated CDI cycles, 33 % of calcium is removed from water sample 2, while the 

proportion removed for sample 1 is 64.4 %. Since the difference in initial ion concentrations is not 

that significant between the two water samples, we propose that the acidity of  sample 2 plays the 

dominant role in inhibiting the net ion removal efficiency. 

Symmetry effects are also found for anions. Sulfate is removed by 1.4 % during first cycle, and 19 

% after six cycles in sample 2. For sample 1, the proportions are 8 % and 48.3 %, respectively.  This 

explanation seems to contradict to what is analyzed and concluded in Al3+ + Na+ case, that free 

hydrogen ions occupy the combination site on electrodes leading to big asymmetry in electro 

sorption between cations and anion. Large amount of free H+ can also interfere with the movement 

of ions, leading to lower absorption efficiency. 

4.2.2.2 Power consumption 

Table 4.7 Power consumption of CDI treatment of mining waste sample 2 

No. of cycles power consumption (kW•h) SEC (kW•h•m-3) 

1 0.000404335 0.4043347 

2 0.000338817 0.3388165 

3 0.000338087 0.33808654 

4 0.00029631 0.29631036 

5 0.00029413 0.29412977 

6 0.000198396 0.198396 

Total 0.001870074 1.87007387 

 

4.2.3 HCl Flue-gas Condensate 

4.2.3.1 Ion removal 

Flue-gas condensation refers to a flue gas cooling down process and is a cost-effective method of 

recovering energy for a district or local heating grid. One of the condensate samples is dealt with 
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CDI as a representative of another kind of industrial waste. HCl Flue-gas Condensate is an 

extremely acidic sample. As is mentioned above, negative impacts are caused by high H+ 

concentration and can be seen in Table 4.8 below. 

Table 4.8 Ion removal of HCl Flue-gas Condensate wastewater with capacitive deionization 

 

Original 

Concentration 

(ppm) 

C1 

Removal 

(ppm) 

C2 

Removal 

(ppm) 

C3 

Removal 

(ppm) 

C4 

Removal 

(ppm) 

Al 1.355 -30.405 -29.655 -30.875 -30.655 

Cu 9.481 7.719 8.851 5.665 1.721 

Fe 5.666 -1.684 -0.393 -44.019 -3.434 

Ba 0.194 -0.470 -0.327 -0.309 -0.221 

Si 18.995 5.970 1.490 1.440 3.110 

Sb 3.941 3.892 1.307 1.685 2.808 

Cd 0.742 0.548 0.563 -1.041 0.575 

Ni 0.036 -0.055 -0.039 -2.331 -0.230 

As 0.246 0.031 0.087 0.108 0.124 

Mo 0.028 -0.172 -0.141 -0.567 -0.198 

Sr 0.072 -0.091 -0.059 -0.072 -0.050 

V 0.024 -0.016 -0.010 -0.048 -0.012 

Cr 0.126 -0.033 -0.001 -3.296 -0.306 

Mn 0.275 -0.247 -0.140 -0.443 -0.088 

Co 0.010 -0.003 0.000 -0.035 -0.003 

Zn 130.850 -82.900 -29.350 -28.400 -17.800 

Pb 33.995 15.085 21.475 22.009 26.378 

 

Although interfered by H+, considerable removal of trivalent and cations with even higher 

valences is observable. Metal ions that are behaving abnormal are aluminum and zinc. It is possible 

that aluminum forms some complicated species under such complex with the presence of electrical 

input.  Zinc as a divalent cation would exhibit less selectivity in CDI and is likely to be interfered 

when measuring its concentration with ICP, for many of the elements in this complex have close 

characteristic emission wavelength.   

4.2.3.2 Power consumption 

Table 4.9 Power consumption of CDI treatment of HCl Flue-gas Condensate wastewater 

CDI cycle power consumption (kW•h) SEC (kW•h•m-3) 

1 0.000797383 1.5947665 

2 0.000352722 0.7054445 

3 0.000541517 1.0830336 

4 0.000257388 0.5147752 

Total  0.00194901 3.8980198 
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5 Conclusions and Recommendations 

5.1 Conclusion 

The ionic electrosorption performances with activated carbon cloth electrodes was studied in this 

work. Experiments show that ions with higher valences show better adsorption capacities during 

CDI processes, this stands for both cations and anions. 

Conclusions regarding hydrated sizes can be quite different. For cations, before EDLs 

saturation, smaller hydrated ions would migrate faster as a response to the applied electric field. 

Although hydrolyzation shouldn’t be a major influencing factor for the cation’s adsorption efficiency 

if no larger or complicated species formed, yet it is believed that it plays a role in the case of 

aluminum ions. Aluminum removal is a problem using CDI when mixed with calcium, probably due 

to interacting reactions leading to the formation of complexes that are too large and this lower 

mobility leads to a blockage of electrosorption. 

The conclusions on anions are quite different from that of cations for their multiatomic nature.  

Given the hydrated sizes of nitrate and chloride are roughly equal, the differences in removal 

behavior arise due to the polarization of water molecules when forming the hydrated shell leading to 

variations in electrosorption capacity. Smallest hydrated anion, nitrate, shows best adsorption 

capacity and shortest saturation time. Larger hydrated anions with higher valences, for instance 

phosphate and sulfate, undoubtedly have stronger attractions over nitrate with the electrodes, but 

their adsorption will take much longer time than nitrate because of larger sizes.   

Ions in industrial wastewaters behave as predicted, revealing the conclusions derived from 

synthetic solutions are helpful in understanding real-world problems. 

5.2 Recommendation  

Models can be helpful for better understanding about ion behaviors during CDI, thus can enhance 

maximum ion removal and water purification with lowest energy input and shortest time. 

Following students can contribute to the work with organic species which are stubborn and 

hazardous, for instance, widely distributed PFAS/PFOS. 
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Appendix A: Eh-pH diagram of involved ions 

Simulations of studied cations in 300ppm, which is 300mg/L, are shown with Fig.AA. The data, 

mainly indicating the fraction of each compounds in aqueous solution at the pH range 0-12.  Both Na+ 

and Ca2+ are totally ionized in water, making the study on them straightforward.  Zinc will form zinc 

hydroxide and suddenly dehydrated into zinc oxide when the pH is high, while zinc chloride dissolving 

in water wouldn’t cause the effect.  As for aluminum, once dissolving in water, hydrolysis begins and 

shift the pH of the solution rapidly.  However, provided the initial concentration of aluminum is quite 

low, the amount of hydrolysis is limited and most of the aluminum shall stay in solution as free 

cations.   

 

 

Figure A-1 Existing form of Na+, Ca2+, Zn2+ and Al3+ in aqueous solutions(concentration of each cation is 

300ppm) 

The existing form of anions when concentration is 300ppm is shown in Fig. AB.  Chloride and 

nitrate are stable in all pH ranges.  While for sulfate, if the acidity of the solution is too strong, lower 

than 3, sulfate will combine hydrogen, forming HSO4
-.  For phosphate, the situation is even more 

complicated, with the increasing of solution acidity, the fraction of free phosphate is reducing, and 

recombination between phosphate and hydrogen is enhanced. 
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Figure A-2 Existing form of Cl-, NO3
-, PO4

3- and SO4
2- in aqueous solutions (for each anion, concentration is 

300ppm) 
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