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Water Impact

As the increase of global water stress in the face of climate change, electrokinetic
technologies for brackish water desalination have attracted a lot of attention due to their
thermodynamically high energy efficiency and high water recovery. This review
systematically introduces two major types of electrokinetic methods (i.e., electrodialysis
and capacitive deionization), evaluates their design criteria and performance for brackish
water desalination in terms of energy efficiency and productivity, and discusses the future
challenges needed to make the effort. This review also illustrates the importance of

process hybridization and water-energy nexus inherent in the field.
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Abstract

This review explores the current state-of-the-art in the removal of ions from water to treat
brackish water using electrokinetic technologies, while identifying emerging technologies and
potential advances in materials science, process engineering, and system integration. We first provide
a definition of the class of electrokinetic desalination methods, and propose measurement and
reporting standards to improve technology comparisons. The review focuses on two major types of
electrochemical processes: electrodialysis (and electrodeionization) and capacitive deionization. We
include hybrid systems that combine battery-based desalination, and capacitive neutralization
deionization. Finally, we consider the interconnectivity between desalination and energy, and discuss
the balance between energy efficiency, water throughput in the context of large-scale deployment of

a desalination plant, and environmental impacts.
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1. Introduction

With energy, we are discovering new conventional and renewable sources. As energy demand
grows, our supply has grown even faster. While there are environmental challenges to increased
energy production, we have largely avoided existential shortages. With water, except for occasional
discovery of new underground aquifers, there are no new freshwater sources to depend on. Therefore,
to meet societal changes in water demand, we have three choices: implementing conservation,
improving water efficiency, or expanding the supply with treatment technologies. Desalination is a
process that removes and/or extracts salt and mineral components from a target substance, such as
saline water. Salt molecules dissolved in water are present in the form of positively (e.g., Na") and
negatively (e.g., Cl) charged ions. Water desalination technologies can be categorized as (i)

electrokinetic-driven, (ii) pressure-driven, (iii) thermally-driven and (iv) biologically-related.

Electrokinetic-driven processes apply an electrical current to drive the removal of dissolved ions
from water via either electrosorption onto electrodes or electroseparation through ion-exchange
membranes. The electrostatic force drives cations to migrate to the cathode (negative electrode)
while anions migrate to the anode (positive electrode). Electrokinetic processes encompass
electrodialysis (ED), electrodeionization (EDI), capacitive deionization (CDI), cation intercalation
desalination (CID), and ion concentration polarization (ICP). In electrokinetic processes,
concentrated ions are separated from the water solution, and therefore, energy use is correlated with
the quantity of ions removed. Electrokinetic processes can provide water at a targeted salinity that is
“fit-for-purpose”. Electrokinetic processes only remove ionized or ionizable species and is not useful

for removing organics or biological species.

Pressure-driven membrane processes apply a hydraulic pressure difference across the membrane
to ‘filter’ water molecules from the feed stream. Conventionally, they include microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Forward osmosis (FO) is a
similar process in which an applied osmotic pressure difference transports water through the
membrane. In pressure-driven processes, purified water is separated from the brine concentrate.
Typically, pressure-driven processes cannot tune salinity for fit-for-purpose quality but are effective

at organic and biological species removal.

Thermally-driven processes are mainly based on phase transition of water molecule due to
thermal energy input or removal. They include multistage flash (MSF), multi-effect distillation
(MED), vapor compression (VC), membrane distillation (MD), humidification-dehumidification

4
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(HDH), adsorption desalination (AD), low temperature distillation (LTD), and pervaporation. In the
thermally-driven membrane processes, the driving force are the vapor pressure difference across the
membrane, and purified water is separated from the brine concentrate. Typically, thermal-driven
processes cannot tune salinity for fit-for-purpose quality but are effective at organic and biological

species removal.

Biologically-related processes typically apply bioelectrochemical reactions via microbial and
bacteria to drive the removal of ions from the solution. They include microbial desalination cell
(MDC) and biomimetic membranes. In biological processes, ions are removed from the water
solution. The ability to produce fit-for-purpose water has not been explored with biological processes,
but they can treat targeted organics and biologicals. In an MDC, electrons are generated from the
catabolism of microorganism in wastewater, and then pass from the anode to the cathode through an
external circuit. Stacks with ion exchange membranes can be introduced between the anode and

cathode chambers to drive the desalination process.

As the increase of global water stress in the face of climate change, electrokinetic technologies
for brackish water desalination have attracted a lot of attention due to their thermodynamically high
energy efficiency and high water recovery. In this review, we define classes of electrokinetic
desalination methods, and then review the state-of-the-art electrokinetic technologies for brackish
water desalination. Two major types of electrokinetic processes for brackish water desalination, ED
and CDI, are illustrated and reviewed. We propose a standard reporting method to improve
technology comparisons. We also identify opportunities and prospects for developing disruptive
technologies through materials science and design, process hybridization and integration, and system
engineering. Finally, we consider the interconnectivity between desalination and energy, and discuss
the balance between energy efficiency, water throughput in the context of large-scale deployment of

a desalination plant, and environmental impacts.

2. Mitigating Water-Energy Nexus Trade-Offs in Desalination

Technology improvements and capacity increases in desalination facilities have potential to
ensure the availability, accessibility, and reliability of high-quality fresh water. Seawater desalination
has been practiced for a long history at numerous countries such as Israel, Australia, Spain, and the
US. There are numerous industrial-scale seawater desalination plants using MSF or RO, and
specialized applications using ED or EDI technologies, which could be considered as at the stage of

commercialization. Despite the rapid deployment of seawater desalination around the world,

5
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optimization of energy intensity in water facilities remains one of the most important areas of focus
in the water-energy nexus because of its dependence on security and sustainability of water and
energy. In this section, we discuss the importance of shifting seawater desalination to brackish water
desalination, and then illustrate the concept of balancing energy efficiency and clean water
productivity for desalination facilities. We also provide a definition of the class of electrokinetic

desalination methods.

2.1 Shifting Seawater Desalination to Brackish Water Desalination

Brackish water reuse is increasingly considered and implemented around the world. Especially
in water-scarce regions, brackish water is an important potential resource to address the water-energy
nexus away from the seacoast or to produce clean water at lower total energy burden than seawater.
Brackish water is typically defined as water with salinity between seawater (~35 g/L) and freshwater
(<1 g/L). The osmotic pressures for seawater and brackish water (a salinity of 1.6 g/L) are 2,800 and
140 kPa, respectively. Aside from the naturally brackish groundwater in subsurface saline aquifers,
the major sources of brackish water include (1) blowdown water from cooling towers; (2) produced
water and refinery wastewater from oil and gas industries; (3) metals-laden wastewater during metal
manufacturing; (4) leachate and drainage from mining industries; and (5) organic wastewater from

fermentation including biofuels production.

In the US, thermoelectric power generation water withdrawal for cooling exceed 196 billion
gallons per day,1 the largest contributor to water withdrawals. Although more than 75% of existing
cooling systems are using surface water,” a shift to using brackish water as the water source for
cooling is occurring in water-stressed regions. It is expected that the share of existing cooling
systems using brackish water (including plant discharge and groundwater sources) may increase
from 8% in 2013 to 55% by 2022." As an alternative to seawater or brackish groundwater,
wastewater is generally available near human activities. More than 80% of wastewater resulting from
human activities is discharged into rivers or sea with little to no treatment.” Similarly, less than 10%

of treated wastewater is recycled in the US.*
2.2 Role of Feed Water Salinity in Process Energy Consumption
The quality of feed water plays a critical role in the design and operation of water desalination.

Fig. 1 shows a conceptual diagram of energy consumption versus feedwater salinity for different

desalination approaches. For the RO process, the minimal energy consumption (£) of desalination
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can be described by eq (1):

E~ (posmostic +pmembrane) * V (1)

where posomotic 1S the osmotic pressure that is proportional to feed concentration, and pmemprane 1S the
function of pressure regarding the membrane resistance. V' is the volume of the water passes through
the membrane. Essentially, all water has to go through the membrane, and that gives the asymptote
of this function. Similarly, thermally-driven processes may require a great amount of thermal energy
consumption for brackish water desalination. The energy floor of thermally-driven processes is given
by the need to evaporate all of the manufactured water, and the ability to recover energy during
condensation. With present systems, the consumption of thermal energy and electricity of MD are

typically 5—350 (even up to 810) kWh/m® and 0.6—1.8 kWh/m®, respectively.’

For brackish water desalination (salinity < 15 g/L), the electrokinetic processes should be
energetically more efficient compared to other water technologies such as the pressure-driven (RO)
and thermally-driven (MSF, MED, and VC) based techniques. The minimal energy consumption (£)

for electrokinetic desalination can be described by eq (2):

E~P*R*¢ @)

where [ is the applied current, R is the electrical resistance, and ¢ is the operation period of time. For
equal flow rates across different concentrations (i.e., I ~ ¢ and R ~ 1/c), the energy consumption
would approach the value of ¢. In other words, the energy cost of the electrokinetic process is always
proportional to the salt removed. The electrokinetic methods remove salt from water, rather than
water from salt (i.e., pressure-driven, RO process). From the point of energy-efficient view, those
pressure-driven processes should be applied for removal of suspended solid and/or bacteria; whereas

electrokinetic should be employed for ion removal through selective-ion transport membrane.
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Pressure-Driven Approaches

Electrokinetically ' Pressure-driven
favorable ' favorable

Energy Consumption per Unit Fresh Water

Portable Brackishl Sea
Water Water Water

Feedwater Salinity
Fig. 1 Conceptual diagram of energy consumption versus feedwater salinity for different
desalination approaches. The favorability cut-off between the pressure-driven and
electrokinetic is dependent on several factors including the presence of other contaminants,
the targeted manufactured water quality, and the source of the energy.

Seawater is an infinite water resource since ~97.2% of the water on the planet is present in the
oceans, and desalination of seawater (a salinity ~35 g/L) using RO has been practiced at commercial
scales for decades. RO is significantly less energy-intensive than traditional thermally-driven
techniques such as MSF." MSF is deployed in regions where the cost of thermal energy is very low
(e.g., oil and gas producing regions) or waste heat is available as part of other industrial processes.
Seawater desalination using modern RO is generally considered to be more cost-effective among the
desalination technologies. Currently, a large-scale seawater desalination plant using RO can produce
freshwater at a cost of 0.5-0.8 USD/m>.° The total energy consumption for seawater desalination
using RO is typically on the order of 2.5-4.0 kWh/m®,”” relatively good energy efficiency. However,
as presented in Fig. 1, RO’s energy use is not strongly dependent on feedwater salinity, and it
becomes less economical for brackish water (a salinity < 20 g/L)'° desalination due to the per ion
energy consumption. In the case of seawater desalination, to further minimize the energy
consumption, MDC is recently considered as an innovative pretreatment for RO by reducing the
salinity of feed water. Although it is still in the early stage of development, MDC carries great
potential in desalination while concurrently generating bioenergy (or hydrogen gas) and treating

wastewater.'" 12 Jacobson, et al. '* demonstrated that MDC could produce about 58% of the electrical

energy required by downstream RO systems.
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2.3 Balancing Energy Efficiency and Clean Water Productivity

Energy use for water treatment and purification is expected to increase with population growth,
rising living standards, and more stringent regulations for water quality. Fit-for-purpose water,
especially with water reuse, is of strategic importance to developing a sustainable water sector.™
Costs for manufacturing water must include capital, energy, and managing waste discharges.
Therefore, energy consumption and water productivity must be balanced. When evaluating the
performance of desalination processes, we must establish a standard test procedure that clearly
defines feed concentration, concentration reduction and water recovery, and then measure the energy
consumption and productivity of the processes. Typically, clean water requires salinity < 0.5 g/L for
human consumption.15 Frequently, water for irrigation of food crops has stricter controls on water
quality such as boron removal. Industrial processes such as once-through cooling are more tolerant to

salinity while closed-loop cooling and boiler applications are less tolerant to salinity.

Fig. 2 shows the theoretical minimum energy for brackish water desalination as a function of
recovery ratio. Thermodynamically, the minimum energy required for desalination is a function of
recovery ratio, i.e., the percent of purified manufactured water to total feed water (purified plus
discharged water). The minimum energy is independent of the applied treatment method or
mechanism of desalination. The theoretical minimum energy for desalination is determined by
assuming a reversible thermodynamic separation.'® The theoretical minimum energy would be equal
in actual magnitude to the free energy of mixing. For instance, the theoretical minimum energy for
desalination of impaired water with a salinity of 5 g/L at recovery ratios of 50% and 90% is

approximately 0.11 and 0.23 kWh/m®, respectively.
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Fig. 2 Theoretical minimum energy for brackish water desalination as a function of recovery ratio.
The recovery ranges, in which most RO and EDI plants operate, are highlighted (assumption:
feed at 15 °C, effluent salinity target of 0.5 g/L NaCl). The curves of minimum energy
requirement are determined via the Gibbs free energies of solvation as a function of the
recovery ratio. Typically, clean water with a salinity < 0.5 g/L for human consumption."

From the thermodynamic point of view, the minimum energy requirement for desalination
increases with the recovery ratio, regardless of the removal mechanism. The recovery ratio in
commercial RO and MSF desalination facilities are typically ~50% and ~30%, respectively.'” For
electrokinetic processes, a recovery ratio of > 85% can be achieved. The energy efficiency for
electrokinetic brackish water desalination should be superior to the thermally- or pressure-driven
processes since only charged ions are transported by the electric field, instead of transporting the
much larger volume of water. The per ion energy efficiency of pressure-driven processes decreases as
the feed water salinity decreases. The energy efficiency of RO was found to be 64.6%'* and 11.3%"°
for seawater (35 g/L) and brackish water (5 g/L) desalination, respectively. In contrast, using

electrokinetic processes, a high energy efficiency of ~65% for brackish water (5 g/L) was observed.*

Beside the energy efficiency, one of the most challenging issues in desalination technologies is
brine concentrate management. Depending on the mechanisms of desalination, various amounts of
concentrated seawater or brine will be produced from desalination processes as a by-product stream.

A lower recovery ratio increases the volume of brine concentrate. For inland water treatment plants,

10
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managing brine concentrate discharges can become a major portion of the total treatment cost.”' Near
the oceanfront, brine concentrate can be dispersed into the ocean with minimal impacts. Inland,
discharging bring concentrate into low-salinity rivers or lakes would contaminate them, and therefore,
brine concentrate must be managed through an alternative strategy. Therefore, inland facilities
sometimes use deep well injection, an energy-intensive process that may induce seismicity. Available
options to brine concentrate treatment also include evaporating to discharge. In all cases, reducing
the volume of brine concentrate generated from desalination units is beneficial. However, it is still

difficult to reduce brine concentrate volume by more than 75—80%.

Currently, innovative brine disposal methods include reverse electrodialysis,** pressure retarded
osmosis, © bipolar membranes electrodialysis,” and CO, mineralization.”* Zero liquid discharge,
which would require drying of the brine concentrate, is considered the most appropriate method to
manage the environmental impacts. As the demand for water grows, optimized technology solutions
need to be developed and deployed that are dependent on the feed water, the targeted manufactured
water quality, and the specific environmental and economic factors of the region. Ultimately, energy
efficiency, water productivity, and recovery ratio, and treatment of brine concentrate must be

co-optimized.

2.4 Class of Electrokinetic Desalination for Water Reuse

Electrokinetic methods are increasingly important approaches to desalination and/or separation
of charged components from solutions. Electrokinetic methods apply a current to remove ions from
water. The major distinguishing factors between different electrokinetic methods are how the current
passes through the solid/liquid interface, and by which mechanisms the ions are removed from the
feed stream. In Fig. 3, we propose a general classification of electrokinetic methods for desalination
based on the mechanisms of ion removal: (i) electrosorption onto electrodes, (ii) electroseparation
through ion exchange (IEX) membranes, and (iii) hybrids. In this study, the principle of
electrosorption is based on the electro-storage of ions onto or into the electrodes by a gradient or
driving force under an electric field, while the electroseparation is defined as electro-migration of
ions through selective IEX membranes under an electric field. In any case, the current in the
electrokinetic system could be transmitted into the liquid by charging electric double-layers (EDLs)

and/or by driving redox reactions.

11
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Electrosorption
(onto electrodes)

Electroseparation
(through IEX membranes)

Desal
Battery

Current Transmitted
by Charging EDL

MCDI

Conventional
CDI (e.g., CA) Desal Current Transmitted
Battery by Driving Redox
Advanced CDI
(w FE or FT) MCDI (IHC) Current Transmitted
by Both

CDI (IHC)

Fig. 3 Classification of electrokinetic methods for desalination. Acronyms: ED (electrodialysis);
EDI (electrodeionization); RW-EDI (resin-wafer electrodeionization); CDI (capacitive
deionization); MCDI (membrane CDI); IHC (intercalation host compounds); FE (flow
electrode); and FT (flow-through electrode).

For instance, CDI with high surface-area carbon electrodes can use the EDLs to electrostatically
trap and thereby “store” or “trap” ions in solution. Current is transmitted by charging the EDL, and
ion removal occurs through electrosorption in the EDL. Novel electrode materials with cation
intercalation hosts (e.g., Prussian Blue analogues),25 ion-selective molecules or polymer-immobilized
materials also can be applied in CDI to “fix” ions in solution via redox reactions. In ED-based
processes (including EDI and resin-wafer (RW) EDI), Faradaic reactions are used to drive current
across a stack of [EX membranes with alternating selectivity toward cations and anions, and the ion
removal occurs through electroseparation. Since water stress is driving increases in brackish water
desalination, in this review, we focus on two major types of electrochemical methods, e.g., ED and

CDI, for treating brackish water.

3. Electrodialysis (ED): Principles and Applications

Electrokinetic techniques with ion-exchange-membrane-based stacks have attracted attention
for water reuse. These techniques are usually developed and/or extended based on ED. In an
ED-based process, cation and anion exchange membranes are placed alternately between the
channels for dilute (be treated to remove ions) and concentrate solutions (pass through to collect ions)
in a multi-compartmented cell. Charged ions are separated via a direct current electric field through
IEX membranes, i.e., the anions to the anode and the cations to the cathode. Therefore, ED and its
related technologies can be applied to remove ionic species such as salt, hardness, organics,

12
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bicarbonate, and organic and inorganic acids from electrolyte solutions.

The ED-related technologies offer the potential to separate and recover valuable components in
the form of concentrated streams.”® With modifications on the ED configuration, different ED-based
technologies have been developed, such as electrodialysis reversal (EDR),*’ electrodeionization
(EDI),”® electrodeionization reversal (EDIR),” bipolar membrane electrodialysis (BMED),”!
electro-electrodialysis (EED),*® and ion substitution electrodialysis (ISED).*! Other similar
technologies and configurations without applying electric field, such as neutralization dialysis®> and
diffusion dialysis,” can also be used for desalination. We review the principles and applications of

ED and EDI technologies.

3.1 Principles of Electrokinetic Thermodynamics

At the two electrodes in the electrokinetic cell, chemical reactions involving charge exchange
between two redox reactants occurs.>* The conversion of electrical voltage to Gibbs free energy (AG)

is determined by the Nernst equation:

AG = —nFE 3)

where 7 is numbers of charges or electrons, and F is the Faraday constant (96,485 C/mol). E (V) is
defined as the equilibrium potential difference between the respective anode and cathode. The cell

potential is sometimes called “electromotive force”.

Splitting water to H, and O,, as shown in eqs. (4)—(6), requires a theoretical minimum energy of
237.2 kJ/mol under standard conditions. This energy is the standard Gibbs free energy of formation
(AG®) of water molecule. It corresponds to a 1.23 V Nernstian potential difference (i.e., the standard
electrode potential) of H, and O, evolution reactions,35 at which the bonds in the water molecule
break. In other words, water splitting occurs if the potential difference across the EDLs exceeds 1.23

V.

Anode: 2 HZO o — 02 (g) +4 H+(aq) +4 e_, Eored =-1.229V (4)
Cathode: 2 H ay+2 ¢ — Hy (g, E%a=0.00V %)
Overall: H,O n— H, @ T 0)) (2)» AG°=237.2 kJ/mol; AE°=1.229V (6)
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Other important electrokinetic reactions (half-reaction) in water at 25 °C include

Hy05 o +2 H'ag +2 € > 2H0 ), E’ea=1.763V (7)
029t 2H ug+2 € > Hy01 (agp E’ea=0.695V (8)
02 +2H 0 +4e >4 0H (o, E%a=0401V )

In practice, the electrokinetic desalination is usually kinetically controlled. Over potentials are
usually required to compensate for the resistance of the entire circuit system (e.g., wire),’® ion
recombination and the kinetics of H, and O, evolution at the interfaces of the electrodes and
electrolyte.”” The electrokinetic cell also needs additional energy to overcome the activation energy
and the change in entropy of the reaction. Thus, the water splitting reaction cannot proceed below
286 kJ/mol. In ED and EDI, the modulus design with multiple layers of membranes is normally used
to amortize the cost of water splitting. Water splitting can be achieved by several approaches

including electrolysis®® and photocatalytic®® *°

processes. With electrolysis, electricity is used to
drive a chemical change that would not happen without the driving force. With photoelectrolysis at a
semiconductor photoelectrode, a photon energy of 1.6-2.4 eV per electron-hole pair is sufficient to

overcome the thermodynamic and kinetics potential to split water.”’

3.2 Types and Configurations: Principles

In 1890, the first application of an electrokinetic approach was ED for demineralization of
syrup.*' ED has been applied to numerous processes including desalination,* acid and caustic
production,43 organic compound separation,44 nutrient recovery,45 and radioactive wastewater
treatment.*® Although it has been widely used, a specific concentration limit on outflow stream must
be considered for energy-efficient optimization. The limit is driven by concentration polarization.
Concentration polarization occurs when ions are gradually separated from the feed solution,
increasing resistance within the cell, and decreasing current efficiency. To overcome concentration
polarization, EDI was developed in the late 1950’s. In EDI, ion conductive materials (e.g., [EX resin
beads) are introduced into the feed solution compartment. By their functional group on the surface,
the ion conductive materials successfully bridge ion transport between IEX membranes and solve the
concentration polarization. Under the same operating conditions, the maximum ion separation

efficiency increases from 50% in ED to 90% in EDI."

14
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3.2.1. Conventional Electrodialysis (ED)

A conventional ED cell consists of a feed (dilute) stream and brine (concentrate) stream,
typically formed by semi-permeable anion- and cation-exchange membranes that are alternately
arranged between two electrodes. ED combines the principles of dialysis and electrolysis and can
separate different charged organic and inorganic components. ED has been utilized in wastewater
treatment, pre-demineralization, deacidification, food processing, and production of high purity
water such as boiler feedwater. ED can desalinate brackish water or seawater to provide potable
water and/or production of table salt.*’” ED remains important in niche applications, especially for
treating low salinity brackish water (i.e., a salinity of 3.5-4.0 g/L).*® It can also valorize desalination
brines to produce acids and bases using bipolar membrane.”' ED can concentrate (i) precious metals
such as lithium* and cadmium® ions, and (ii) nutrient ions and organic compounds such as citric

acid,”! protein®* and glycine,” from impaired water.

ED is much favorable for the removal of low molecular weight ionic components from the feed
stream, than the removal of uncharged toxic, less mobile ionic species and higher molecular weight
components such as organic contaminants.” An industrial-scale ED can contain several hundred cell
pairs.”® The water processing rate and recovery ratio are relevant parameters for monitoring ED
performance. The performance of conventional ED generally decreases over time due to membrane
fouling by colloidal, organic and inorganic (e.g., carbonates, sulfates and phosphates) foulants.”
Periodic changes in electric polarity, such as a “shock ED” device,” are good engineering practices
to reduce the formation of fouling in ED. An alternative method, electrodialysis reversal (EDR), is
employed with ED to remove membrane foulants.”” In EDR, the direction of current through IEX
membranes is periodically reversed to mitigate membrane fouling. EDR has been successfully
applied in water softening and potable water production.”® Although very efficient in operation,
ED/EDR still suffer from the limitation of high power consumption at low ion concentrations,
thereby leading to the development of an enhanced ED/EDR process, known as electrodeionization

(EDI) and/or electrodeionization reversal (EDIR).

3.2.2. Electrodeionization (EDI)

Electrodeionization (EDI) is a hybrid process for ion separation by incorporating ionic
conductive materials in the feed (dilute) channel of the ED cell. The term deionization refers to the

removal of charged atoms or molecules in the form of ions. One of the earliest description on EDI

15
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was in 1955 at the Argonne National Laboratory for removing trace amounts of radioactive species
from wastewater.”” >® However, detailed consideration of cell design were not considered until the
late 1980°s when the first EDI process was commercialized by a division of Millipore Corporation
(now part of Evoqua Water Technologies) for ultrapure water production.””> EDI is a now major
provider of ultrapure water (i.e., 8-17 MQ or a salinity of 0.001-0.1 g/L),* especially in

semi-conductor, electronic, pharmaceutical, and food and beverage industries.

In EDI, ionic conductive materials such as IEX resins are packed in the dilute compartment, as
shown in Fig. 4. The ionic conductive materials enhance ion migration toward IEX membranes,
providing an efficient operation at low conductivity, and therefore, the potential to produce very low
conductivity water. The impact of polarization concentrations is avoided with EDI. Bipolar
membranes (BPMs) are used for specific functions in the EDI stack. A BPM is formed by combining
a cation- and anion-exchange layer with a center hydrophilic contact region, where water splits into
OH and H' ions by an applied electrical potential. Spent IEX resin beads (saturated with ions)
within EDI can be electrochemically regenerated in situ by the H" and OH ions, eliminating the need

for chemical regeneration.

| - - cathode() - - |
Na* K* Mg2* CaZ H*

t 1 1 t 1

Cation Exchange Membrane

High-Purity
Product
Water

Feed

COo,> cr OH" HCO;™  HSIO5

[ + + Anode(+) + + |

< >« >
Enhanced Transfer =~ Regeneration

Zone Zone

Fig. 4 Basic flow scheme of electrodeionization (EDI) process for ion separation.

In EDI, different types of layouts of the IEX resin beds have been developed. As shown in Fig.
5, they are commonly categorized into layered-bed,”’ mixed-bed,”” separated-bed,” or unipolar
exchangers.** The layered-bed is limited by differences in conductance of anion and cation exchange
resin beds and the rate of water dissociation, thereby leading to poor operational control and little use.

The conductivity of mixed-bed configurations are 35-fold and 6-fold greater than layered-beds with
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. . 65 . .
hydroxyl and chloride groups, respectively.” Recently, several innovative approaches such as
membrane-free®® and resin wafer® have proven to improve performance of ionic conductive

materials in EDI.

(d) Feed (e) Feed

v
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Fig. 5 (a) Layered-bed, (b) mixed-bed, (c) unipolar cation exchangers, (d) unipolar anion exchangers,
and (e) separated-bed. AM: anion exchange membrane; CM: cation exchange membrane; Red
bead: cation exchange resin; Blue bead: anion exchange resin.

Similar to EDR, the electrodeionization reversal (EDIR) is an EDI operation using periodic
changes of polarities. The EDIR can be applied to prevent EDI scaling (e.g., metal hydroxide
precipitate)68 and fouling69 by periodically reversing the polarity. The current efficiency of EDIR
(~82%) is higher than EDR.? For water treatment, EDI is more effective than either ED or IEX
columns considering energy consumption and chemical use.”® EDI involves three simultaneous steps:
(i) diffusion of ionic species in the feed stream to ionic conductive materials (e.g., resins) according
to the conditions of thermodynamic equilibrium and mass transfer; (ii) electrical transport of ions via
the ionic conductive materials and through IEX membranes by the electric field to the concentrate
stream; and (iii) continuous regeneration of ionic conductive materials by proton and hydroxyl ion
produced from water splitting. Although only three simultaneous steps take place in EDI, seven
different mechanisms could be involved: (i) ion adsorption and exchange in the resin beads; (ii)
electromigration of ions in the solution, resin and the interface of solution and resin; (iii)
electroneutralization of ions in the resin and solution; (iv) water splitting reactions on the resin
surface and on the membrane surface; (v) ion transport in the membrane; (vi) ion transport in the
contact region between resin beads, solution and the membrane; and (vii) chemical or biological

reactions on the resin surface.

3.3 Key Performance Indicators for ED Processes
17
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3.3.1. Limiting Current (LC)

LC is an essential value for ordinary ED, which is related to the resistance of the system and
current efficiency. LC measurements should be carried at various feed concentrations prior to
conducting a performance evaluation. In an ED cell, the response voltage changes linearly as the
applied current changes until the LC point is reached. Above the LC point, a sharp change in slope
occurs, thereby significantly increasing energy consumption of the process. The LC point is usually
used as a criterion for process optimization. Generally, the optimum value of the applied current
should be 80-85% of LC in constant-current mode operation of ED.””"" In contrast, EDI does not
have an obvious LC point.”> There is no polarization point (i.e., LC point) for EDI operation

according to the voltage-current curve.”

3.3.2. Current Utilization

Current utilization (CU) is the fraction of applied current to remove the charged ions from the
feed solution in a single pass through the EDI, as shown in eq (10). In theory, the rest of the applied
current is utilized for water splitting to produce protons (H") and hydroxide (OH") ions that can be
used for regenerating ion exchange resins. A 100% CU represents the applied current is totally
utilized for moving ions through membranes. In other words, no water splitting occurs under this

circumstance.

FXTLL'XZ

CU (%) =
ﬁlxdt

(10)

where F is the Faraday constant, n; is the number of moles of the ion input, z is the valence of the ion,
1 is the stack current (A), ¢ is the time interval (seconds). In a continuous EDI process (once-though),
several operating factors, such as feed flow rate (Qy), applied current (z), and feed concentration (C;),

are related to CU, which can be considered as the virtual process parameter.

3.3.3. Removal (Separation) Efficiency

Removal efficiency (1), quantifying the fraction of ions removed through the EDI, is also a
critical process parameter for process scale-up. The ion removal efficiency is determined using the

following equation:
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i

n (%) = 2 %100 (11)

i

where C; and C, is the initial and outflow concentration (mg/L) of ions in solution, respectively. The
removal efficiency depends on both the fundamental performance of the materials (e.g., resin and

membranes) in the EDI system and the operating conditions (e.g., flow rate and applied current).

3.3.4. Current Efficiency

Current efficiency (CE) is a measure of the effectiveness of ions transported across the IEX
membranes by a given current. CE is defined as the ratio of the stoichiometric number of electrical
charges for the ion migrated to the total electrical charges introduced into the device, as described by
eqs (12) and (13). Typically, current efficiencies greater than 80% are desirable to minimize energy
consumption and operating costs. Low current efficiencies may be attributed to operation problems,
such as excessive water splitting, shunt currents between the electrodes, and back-diffusion of ions
from the concentrate to the diluate. Therefore, the relationship of ion removal efficiency and the
process operation parameters can be clearly understood by CE.

FXnXz Qf X (C;—Cyp) Xz

CE (%) =———x 100 = 161 x 12
ftIth IXNcp ( )

0

or

QfXCiXZ Ci—CO_CUXY]

CE (%) = 161 X X
(%) I % Nep C; 100 (13)

where 7 is the number of moles of ions migrated, Oris the feed flow rate (mL/min), C; and C, are the

initial and outflow concentrations (M) of ions in solution, respectively, N, is the number of cell pairs.

CE is generally a function of applied current (I), feed concentration (Ci) and feed flow rate (Qy). CE
is strongly affected by the properties of the resin beads and membranes, such as composition and

dimensions.

3.3.5. Ion Removal Flux

Flux (J) is the critical parameter for sizing units and therefore capital costs and process

economics. Flux should be carefully determined during process optimization. Flux can be defined as
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eq (14):

Qr X (C; —Cy)

= 0.06 x
J AX N,

(14)

where J is the ion removal flux (mole/mz/hr), A is the active cross-section area of the ion exchange

membrane (m?).

3.3.6. Specific Energy Consumption (SEC)

Energy consumption (P) of the process can be determined by eq (15):
P=I>xR,, (15)

where P is direct current electric power (W), and Ry, is electric resistance of the system ().

Specific energy consumption (SEC) is the electrical energy used to remove a unit of salt in the

EDI, which can be defined in eq (16):

sec = — %! 16
] XAX N, (16)

where the EC is in units of W-h/mole. EC is inversely proportional to CU, and CU becomes a major

factor in determining the PC in the EDI.

3.4 Performance Evaluation: Energy Consumption and Productivity

Electrokinetic membrane technologies, such as ED and EDI, are well-established with many
industrial applications. Continuous EDI has been applied on an industrial scale as a cost effective
alternative to provide deionized/pure water and ultrapure water with extremely low conductivity.”
The purified water can be used in electronics, pharmaceuticals, power generation (boiler feed water),
and cooling tower applications. In design of ED/EDI operations, the choice of IEX membrane is
crucial since it is related to numerous important parameters such as electrical resistance, permeability,
selectivity, chemical stability, mechanical strength, and operating costs. Typically, these parameters
would interact with each other, e.g., a low membrane electrical resistance (with more ionic charges in
the membrane matrix and low degree of cross-linking) generally exhibits a high degree of swelling

combined with poor mechanical stability.
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For impaired water desalination, Table 1 compiles the technological data for ED and ED-related
processes, including energy consumption and productivity. The results indicate that ED is much
cost-effective for low salinity feeds, especially for salinities less than 3 g/L.>* For brackish water
desalination, ED requires 75%, 50% and 30% less energy than RO at a feed salinity of 1, 2 and 3 g/L,
respectively.”* Moreover, a high recovery ratio of 85-94% is achieved with ED with low operating
and maintenance costs.”” In general, ED can produce water with a salinity less than 0.5 g/L using an
0.8-1.5 kWh/m® at a water productivity of 45 L/m*/h.”® For high salinity water desalination (~190
g/L) using ED, operating at a low stack voltage can allow cost reductions of up to 30%.”” In contrast,
for brackish water desalination using ED, the energy costs can be minimized by operating close to
the LC point, as illustrated in Sec. 2.3.1. In the case of brackish water (4.2 g/L) desalination, the
operating costs of ED with a pretreatment of sand filtration were estimated to be USD 0.73 per ton of
reclaimed water based on a treatment capacity of 4000 m*/d.” For low salinity feedwater (~1.1 g/L),
the total operating cost of ED at an 82% water recovery was estimated to be USD 0.18 per m’ of
reclaimed water.”’ Furthermore, ED has a low capital cost at 637 US$/m’/d, compared to RO (e.g.,
925-2100 USD/m’/d).** Additionally, the average service life of the IEX membranes used in ED/EDI

is ~10 years, which is 2-3 times longer than the porous membranes used in RO.™

In EDI, ionic conductive materials are packed in the dilute compartments, sometimes also in the
concentrating compartment, to retain and allow the ions to be transported across the [EX membranes.
To improve the efficiency of ion conductive materials, research group at the Argonne National
Laboratory developed a resin wafer (RW) material for replacing the conventional loose resin beads in
EDI stack. The original loose IEX resins are immobilized and molded into a porous and solid matrix
to form the RW material. The RW can significantly improve ionic mobility, enable local pH control,
and ensure consistent performance.®’ The RW-EDI exhibited superior engineering performance in
comparison to conventional EDI, e.g., specific energy consumption between 0.5-1.0 kWh/m’ at a
productivity between 13-40 L/m*/h for a feed salinity of 5 g/L.”® Aside from the ionic conductive
materials, novel membranes have been rapidly developed to lower the energy consumption of
brackish water desalination by ED-based processes. For example, Manohar, et al. 82 synthesized an
anion-exchange membrane (AEM) with chloromethylation (DCM). The reported AEM-3 (DCM:
74%) exhibited excellent performance with respect to energy consumption (i.e., 6.53 kWh kg ' of
NaCl removed), compared to other commercial AEMs (i.e., 9.34—11.88 kWh kg_1 of NaCl removed)
for ED. Under the optimum operating conditions, the ED current efficiency with AEM-3 membrane
was > 83%.% For EDI, the largest operating costs should be membrane replacement and electricity

cost.*’ Regarding capital cost, a commercially available EDI unit (e.g., Milli-Q) with ultrapure water
21
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(18.2 MQ cm) produces at 10 L/h costs ~8500 USD retail.*® EDI is able to respond to the salinity
changes in feed stream without compromising deionized water production and quality, thereby

C e e . . . 58
minimizing adverse impact on operation costs.

With respect to overall operating costs, achieving optimal water recovery ratios of produced
clean water is important in the application of membrane technology for brackish water desalination.
Water recovery ratio represents the volumetric production of desalted water relative to that of
concentrate brine. It is highly dependent on the quality of feed streams, capacity and productivity of
the process. As the water recovery increases, the volume of residual concentrate brine decreases,
thereby increasing the available options for residual brine management such as treatment and
disposal. Since the costs associated with managing residual brine from desalination is typically high,

high water recovery rates, ~85-95%,"® should decrease clean water production costs.
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Table 1. Performance evaluation of ED and ED-related processes for impaired water desalination
Technology Type Removal C; Configurations * Operating conditions " Performance © Ref.
target (mg/L) n RE PD SEC
ED Batch NaCl 30100  Nep=10; Ap=200 Q=60-90; I=1.93; T=360 90 - 83 7.2 5
ED Batch NaCl 5000  Nep=2; Ap=128;d=0.5 V=5.5-7.5 >90 - 45 0.8-1.5 70
ED Batch NaCl 3000  Nep=18; Ap=1150 Q=72; V=30 >88 80 - - i
ED (/wind) Continuous NaCl 5000  Nep=20; Ay=2000 Q=420; 1=0.9-1.1 >88 - 84-150 2.52-4.15 ©®
ED Continuous  NaCl 4500  Ncp=40; Ay=36960 Q=600; V=20 99.5 - - 0.89 5
ED Continuous  NaCl 4200  Ncp=20; Ay=3200 Q=1000 92 50-60 - - 78
ED Continuous  NaCl 1100 N¢p=85; An=33100 V=140-165; [=40-55; 70 82 43.5 0.6 7
SIP=2.0-2.5
ED(R) Continuous  NaCl 1470 Pr3oduction: 200,000 Cost < €0.2/m’ - - - 0.6 >
m’/d
ED(R) Continuous  NaCl 1720  Production: 5,000 m°/d  Cost < €0.36/m’ >70 - - 1.55 57
EDI Batch Cs' 50 Ner=1; V=38.5; Q=6.0; 1=0.14; 1,=0.2; 99.9 - - 31.6 =
An=38.5 T=280; pH 7
EDI(R) Batch NaCl? 4000  Ncp=4; A,=633;d=3  Q=6.0; V=19; 1=2.18 90.9 75 - 3.71 o
3000 Q=6.0; V=13; I=1.54 90.6 75 - 1.95
2000 Q=6.0; V=11; I=1.02 90.7 75 - 1.04
EDI Continuous  NaCl 585 Ner=1; Ay=2.88;d=6  Q=0.15; V=15-20 >35 - - - 58
RW-EDI Batch NaCl 5000  Nep=2; Ap=128;d=0.5 V=5.5-7.5 90 - 13-40  0.48-1.01 °
RW-EDI Batch NaCl 5000  Nep=4; Ap=780; d=1.5 Q=50; V=5.5-13.8 90 - 20-41  0.35-0.66

* Nep: cell pairs (-); Ve: chamber volume (cm®); Ay total effective membrane area (cm?); d: intermembrane distance (mm). ® Qg feed flow rate
(L/h); V: operating voltage (V); [: operating current (A); Ip.: limiting current (A); T: operating time (min); SIP: stack inlet pressure (kg/cmz). “n:
removal efficiency (%); RE: recovery (%); PD: productivity (L/m*/h); SEC: specific energy consumption (kWh/m?). ®includes Ca*" (11.3-17.8
mg/L), Mg*" (4.9-7.2 mg/L), Na' (54.3-96.8 mg/L), SO4* (24.7-69.0 mg/L), and CI" (91.9-170.9 mg/L) in feed stream.
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3.5 Limitations and Opportunities

Despite the rapid development of ED-based processes, neither the theories and mechanisms of
regeneration and transport nor the design equations for the process are well characterized. The
challenges and limitations in operation of ED-based processes include (1) selective ion removal, (2)
variation in feedwater quality, (3) membrane fouling and scaling, (4) concentration polarization, and

(5) lack of sufficient fundamental research.

3.5.1. Selective Ion Removal

In ED/EDI, improvement and breakthrough in ion selectivity could enhance economical
separations. EDI has been applied for (i) removing salinity,”* hardness," nitrate,” boron,”' fluoride,”
chloride,” and silicon/silica;* (i) radioactive ions such as Cs" % from wastewater; (ii1) recovery of
heavy metal ions such as copper,70 nickel,?® zinc,” cobalt,”® and chromium;”' and (iv) recovery of
high value chemicals such as amino acids.”” Monovalent selective membranes are available to
facilitate the preferential removal, such as sodium and potassium ions that is of practically
importance for water reuse in irrigation.”* Future research should be focused on the development of
selective IEX membranes to mitigate the loss of separations efficiency when divalent ions and metal

ions are present in solution.

3.5.2. Variation in Feedwater Quality

Variability in feedwater quality plays a critical role in brackish water desalination since optimal
designs and operation of ED/EDI plant are source-water dependent such as the required
electrochemical driving forces for achieving a given water-recovery level. According to the
sensitivity analysis performed on an ED plant, the most significant variables in design and
performance were the feed concentration and current efficiency, respectively.” Larger fluctuations in
the costs of ED plants may occur when operating at higher feed concentrations. Feedwater quality is
also an important parameter when considering pretreatment strategies to prevent membrane fouling
and scaling. In the continuous process, stack parameters such as voltage and flow rate would be
modulated to produce the desired salinity in the diluate stream with a single pass, based upon the
feed water salinity. For EDI, it is recommended that the hardness of feed streams should be < 1.0 mg
dm” as CaCOs.¥ ED-related processes do not control or remove microorganism, or non-ionic

substances so they must be managed by pre- or post-ED treatments.
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3.5.3. Membrane Fouling and Scaling

Fouling is a common and critical issue in membrane-based processes. Fouling decreases
efficiency of treatment since colloidal/particulate deposition on membranes and feed-spacers inhibits
transport, flow, and flux.” Effective feedwater pretreatment for specific contaminant removal is an
operational prerequisite in membrane-based desalination (i.e., RO, NF, ED and EDI) to prevent
membrane fouling. Appropriate pretreatment for feedwater can remove concerned species such as
suspended particles, dissolved organic matters, biological species, calcium and magnesium hardness,
and silica. Therefore, routine pretreatment of feedwater can effectively mitigate membrane fouling,
e.g., microfiltration for removing suspended solids and water softening for removing hardness. The
Sorek desalination plant in Israel uses iron coagulation to pre-treat all feed water. Mineral scaling on
membranes is a major bottleneck for achieving high product water recovery in brackish water

desalination.®®

Mineral scale blocks the surfaces of membrane, thereby decreasing the flux
performance and increasing electrical resistance of the membrane. Mitigation of membrane scaling
requires feedwater conditioning by dosing with chemical additives. Similarly, a nanofiltration (NF)
could also be installed as a pretreatment prior to ED process to remove the scaling ions (especially
SO4*"). NF membranes are commonly used for water softening, as well as the removal of organic
compounds from water. Normally, appropriate NF membranes should exhibit the properties of high
permeate flux and low operation pressure.loo Furthermore, EDR and/or EDIR can minimize

membrane fouling and scaling by periodically changing the polarity of the electrodes or the

directions of diluate and concentrate flows.

3.5.4. Concentration Polarization

Concentration polarization occurs as the concentrations of solutes at the membrane-solution
interface are higher than the bulk solution. It affects membrane fouling and mineral-scale formation
in ED and EDI. In electrokinetic processes, the rate of ion transport to ion-exchange membrane is
limited by mass transfer in the concentration-boundary layer. At the same time, with the
establishment of solution super-saturation due to concentration polarization, the formation of

membrane scaling can more readily occur.

3.5.5. Lack of Sufficient Fundamental Research

Fundamental research is required to better understand ion exchange and/or transfer mechanisms

and to apply them to achieve higher conversion efficiencies and lower costs and plant size. For
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instance, contact resistance measurement could an important tool for monitoring surface by-pass
flow in pilot-scale EDI systems to elucidate the ion transportation in the contact region between ionic
conductive materials, solution and the membrane. The model of contact resistance used in the
solid-oxide fuel cell may be adopted for this purpose. In addition, water splitting reactions on the
resin surface and on the membrane surface are important in electrokinetic desalination processes.
However, no theoretical model is available for the water splitting reactions. Electrostatic and
electrolytic double-layer concepts may be used to develop a simplified model for water splitting
reactions. Furthermore, it is imperative that a thorough understanding of ionomer properties is
attained and optimized to ensure competitive system longevity and performance. Efforts on material
research have focused upon interrelationships among polymer chemistry, morphology, and ion

conductivity and selectivity.*’

4. Capacitive Deionization (CDI): Principles and Applications

CDI is a promising technology for desalinating brackish water with a low salinity. Biesheuvel et
al.'! define CDI technologies as a class of separation where electrodes are charged and discharged in
a cyclic manner, regardless of exact removal mechanisms or electrode materials. In this section, we
illustrate the configurations and principles of CDI, and then the performance of different electrode
materials and their associated desalination performance. In addition, the limitations and opportunities

of CDI technology are described.

4.1 Configurations and Principles

Historically, CDI has been used to describe a process that removes salts from impaired water,
known as electrosorption,lo2 by applying an electric field into pore surface via the formation of EDLs.
A CDI cell pair consists of two nanoporous electrodes separated by an electrolyte, as shown in Fig. 6.
In a conventional CDI process, a saline stream simultaneously flows through numerous pairs of
capacitor-type modules that consist of two electrodes with high surface areas. Cations and anions in
the feed stream are migrated by the applied electric field and then are electrosorbed upon
polarization of each electrode pair. After the ion electro-adsorption step, the saturated electrodes
undergo a regeneration stage (known as a “discharge” stage) by a zero or reverse electrical
potential.'”® During electrode regeneration, the desorbed ions will result in a concentration brine,

while the charges releasing from the CDI cell can be used for energy recovery.
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Fig. 6 Schematic diagram of a supercapacitor cell for energy storage (top) and a capacitive
deionization cell for brackish water desalination (bottom). Adapted from Ref. 104 by
permission of The Royal Society of Chemistry.

The most widely used electrodes in CDI are carbon-based materials such as activated carbon

105 These materials allow the

aerogel due to its high specific surface area and monolithic structure.
feed water to flow either between or through the charging electrodes. The electrode material is the
most critical factor in CDI performance. The electrosorptive behavior of the material greatly affects
the electrode’s specific surface area, pore structure, pore size distribution and surface functionality. A
suitable electrode material should possess excellent chemical stability, high specific surface area,
excellent wettability, and high electronic conductivity.lo6 Operating and control conditions also
impact CDI cell performance. Typically, a CDI cell is operated under a low voltage, 1-2 V (usually
less <1.2 V), to reduce side reactions.'’” "% However, when a CDI cell is insufficiently charged at a
low voltage, the counterions are preferably adsorbed onto the electrodes while the co-ions are
repelled into the solution. This effect, known as co-ion repulsion, reduces the performance of CDI.
To mitigate this issue, the strategies to enhance the charge efficiency of the CDI cell include: (i)
implementing ion exchange membranes; (ii) introducing surface chemical charges on the electrodes

that shift the point of zero charge; and (iii) increasing discharge voltage of the cell.

A CDI cell containing anion and cation exchange membranes is referred to as membrane
capacitive deionization (MCDI). In a typical MCDI, the anion exchange membrane is adjacent to the
anode while the cation exchange membrane to the cathode. A spacer compartment is required to
separate the two membrane-electrode assemblies of opposite charge. Placing [EX membranes at the

surface of the electrodes may improve the salt removal performance and appears to increase
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electrode life.!” This is largely attributed avoidance of the co-ion expulsion effect that does not
occur in MCDL'"? Aside from removing salinity from brackish water, CDI/MCDI can be applied for

1

. . . 11 112 . 113 .- . . cq - 114
(i) removing nitrate, = sulfate, ~ and fluoride, ~ (ii) recovering metal ions such as lithium ~ and

chromium'"”® from wastewater, and (iii) integrating with NHs-based CO, capture to reduce the

. . 115
stripper regeneration energy.

4.2 Key Performance Indicators for CDI Processes

There are several key performance indicators describing the performance of the electrode and

CDI cell. Note that the performance between the electrode and CDI cell is distinguishable.

4.2.1. Salt Adsorption Capacity (SAC)

Salt adsorption capacity (SAC, mg/g) is an operational parameter depending on the cell
components and dimensions, which is measured during the charge-discharge cycle of a CDI cell. It
defines as the ratio of the amount of salt removed from the feed stream (mg) to a representative mass
of electrode (g). Typically, the representative electrode mass considers the mass of all solid
ingredients in the electrode, including active component (e.g., porous carbon), binder and other
additives."'® In principle, SAC is determined when the cell is not taken to equilibrium before
measuring salt removed. In the case of reaching the equilibrium (with a very long charge-discharge
cycle), the maximum salt adsorption capacity (mSAC) can be determined. For the mSAC, the salt

removed from the feed stream can be determined via two approaches:'”

(i) for the once-through
operation, the cell flow rate multiplied by a time integral of the concentration difference between the
feed and effluent streams from the beginning of charge to the equilibrium, and (ii) for the batch
operation, the total solution volume multiplied by the decrease of salt concentration. Therefore, the
mSAC is a highly insightful and useful performance property in electrode sorption, which should not
be affected by any other cell component. It is recommended to be widely adopted as a standard

metric in CDI cell characterization.''®

4.2.2. Charge Storage Capacity (Cy)

The charge storage capacity of a single electrode, or the specific capacitance (Cs, F/g), is
defined as the ratio of the total capacitive charge (C) to the mass of a single electrode and a half of
cell voltage (i.e., assuming cell symmetry). The capacitive charge (C) can be determined by

integrating capacitive current (A) with respect to time during charging and discharging. The specific

28



Environmental Science: Water Research & Technology

capacitance of the electrode (C) can be determined via various types of analytical methods such as
cyclic voltammetry (CV). This performance metric is frequently used in assessing supercapacitor

single electrodes.

4.2.3. Potential of Zero Charge (PZC)

In addition to Cs, the potential of zero charge (PZC), a characteristic potential, is another
important electrochemical property of the electrodes. The performance of CDI cells for desalination
typically depend on the PZC of the electrodes, as well as the potential distribution of the cells."” At
the PZC point, the electrical charge density on the electrode’s surface is zero (i.e., no net charge).
Therefore, when the electrode potential is equal to the PZC, the double layer capacitance is minimum

120 The PZC of the electrode can be determined by

on the interface between electrode and electrolyte.
differential capacitance measurements conducted using electrochemical impedance spectroscopy
(EIS). In the EIS measurement, different frequency (with a unit of Hz) and potential (with a unit of V)
ranges are performed to obtain its associated specific capacitance (Cs). The PZC of the electrode is
the potential at the minimum specific capacitance (Cs = Cuin). Normally, specific capacitance
measures are normalized by the minimum one (Cyin) Within the desired range of voltages for further

interpretation.

4.2.4. Charge Efficiency (A4)

The charge efficiency (4, g/A or mol/A), as described in eq (17), can be defined as the amount
of ions removed from solution into the double layers inside of the electrode (/ions) over the total
charge (2). The [ions value can be calculated from the accumulated electric charge in an electrode
pair during charging divided by the Faraday constant. Although the terminology ‘“charge efficiency”
was first proposed and used in CDI applications by Avraham'?' in 2009, this concept had been

122

described by Johnson and Newman in 1971. The charge efficiency (A) is a key performance

indicator of a CDI cell, which is largely related to the specific energy consumption (SEC).

Net ions removed lions

= = 17
Total charge storage )X 17

The effect of co-ion exclusion would reduce the charge efficiency. A is a function of operating
voltage and ionic strength of solution. Generally, 4 increases with the increases in charging and
discharging voltages, and with the decease of the feed concentration. Thus, the charge efficiency is
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an excellent indicator to evaluate the model and structure of the double layer inside of the porous
electrode.'” According to the Debye-Hiickel limit, both counterion adsorption and co-ion desorption
are equally important when the potentials across EDL are relatively low.'* In this case, 4 should be
zero for each electron charge. In contrast, at relatively high potentials across the EDL, counterion

adsorption fully compensates for the electron transferred and 4 approaches to one.

4.2.5. Specific Energy Consumption (SEC)

The specific energy consumption for CDI operation (SEC, kWh/m®) can be approximately

determined via eq (18).

_ Total Electricity Consumption fotcl XV dt
" Total Clean Water Production  Q X t,

SEC (18)

where V' is the variety of voltage in desorption process, / is the constant current, Q is the assigned
flow rate, and ¢ is the adsorption time in the charging phase. The volume of clean water generated

can be different than Q X t. due to loses from flushing, etc.

The energy consumption of CDI is highly dependent on the salinity of the feed water. The
optimal energy use in CDI requires an energy-recovering device during the regeneration cycle of
operation. However, it needs a slow discharge (i.e., long operation time for discharging) to minimize
energy losses due to polarization, thereby increasing the cost and complexity of a CDI unit. In
addition, CDI does not require high pressure, and its energy can be recovered during desorption
process.'** Currently, most CDI systems use reverse polarity (consuming additional energy) during

the regeneration cycle to speed up kinetics and increase throughput.125

4.3 Performance of Electrode Materials

The CDI process can be described as electro-adsorption and electro-desorption using porous
electrode materials. Since CDI relies on the formation of EDLs to store charge, identification of an

optimum material for electrode fabrication is a critical factor in developing CDI processes. Recently,

126
1.

Huang, et a presented a critical review on electrosorption behavior of various CDI electrodes.

We provide a brief summary on the performance of different CDI electrode materials (Table 2). The

commonly used electrode materials for CDI/MCDI processes include activated carbon (AC),'?” '

131,132

129 130 _ . 133 .
carbon aerogels, = carbon xerogels, ~ activated carbon cloths, carbon sheets, >~ alumina and

135

o . 134 . .
silica nanocomposites, ordered mesoporous carbons (OMCs), carbide-derived carbons
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(CDCs),"* 7 carbon nanotubes (CNTs),'* ** and carbon nanofiber (CNF),'* and graphene and
its composites.'* Porous carbon-based electrode materials such as AC were originally used in CDI
systems from ~1960 to ~1990. Since AC exhibited several advantages such as low cost and ease of
mass production, they are the most common electrode material in CDI systems. However,

conventional AC electrodes have irregular pore structures, which results in a limited electrosorption

capacity.

Recently, surface modification of the porous carbon, such as fluorination,'*® has been widely
applied to increase ion selectivity and reduce co-ion expulsion. For example, the specific
capacitances of the fluorinated AC electrodes were significantly higher than that of the untreated AC
electrode, although fluorination decreased the specific surface area and total pore volume of the
electrodes.”® The AC composite electrode is generally cast by a slurry mix comprised of AC, a
polymer binder, and an electronically conductive additive. Polymers such as Nafion'”” and
polyurethane'*' have been studied as the binder for AC composite electrodes. Nafion possesses
excellent charge-selectivity, which can enhance the adhesion between AC particles (as shown in Fig.

7) improving the strength and stiffness of the electrode sheet.

107

Fig. 7 Inner structure of the Nafion/activated carbon composites. Adapted from Ref. with

permission from Elsevier.

After 1990, carbon aerogels started to be applied in CDI due to their advantageous properties
such as the monolithic structure and excellent solid-phase conductivity.'® Carbon aerogels, derived
by sol-gel chemistry, are unique materials with a high specific surface area (>1000 m*/g) and a low

"2 thereby significantly increasing the ion storage capacity over

electrical resistivity (<40 mQ cm),
AC. The absence of polymeric binders during fabrication can increase the chemical stability of
carbon aerogels. Recent rapid developments in the hierarchical morphology control and
functionalization by surface engineering make carbon aerogels be considered as promising materials

for energy related applications.'™ The structure and pores size distribution, i.e., macropores for mass
31
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transport and micropores for surface area, of carbon aerogels can be tunable by various means, such
as the choice of sol-gel precursors, polymerization catalyst, reaction solvent and surface

modification.

To combine a high electrosorption capacity with fast salt removal rates, template carbons are of
particular interest since they provide additional means to precisely tailor the pore structure. The
groups at the Oak Ridge National Laboratory have successfully synthesized hierarchical ordered
mesoporous carbons (OMCs) with a narrow pore size distribution centered at ~9 nm.'*’ The OMCs
materials were synthesized by soft-template method using block copolymers and
phloroglucinol-formaldehyde resins. Similarly, carbide-derived carbons (CDCs) with a well pore size
control can be obtained by selective etching of metal carbides with chlorine gas. Fig. 8 illustrates
methods to synthesize CDCs for energy storage application. The specific surface areas of CDCs are
typically 1200-2000 m*/g (even up to 3200 m?/g) with an average pore size of 0.7-2.0 nm. Ordered
mesoporous silicon (OM-SiC) CDCs, with a bimodal pore size distribution at 1 and 4 nm, exhibit a
great capacity of salt electrosorption at a cell voltage of 1.2 V, i.e., 15.0 mg of NaCl per gram of
porous carbon, equivalent to 12.8 mg per gram of total electrode mass.''® It is possible to control the
distribution of macropores in foam-like CDCs via the high internal phase emulsion (HIPE) approach.
The synthesized HIPE-CDC materials have high surface areas of ~2300 m*/g and extremely large

pore volumes of up to ~9 mL/g."*’
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Fig. 8 Schematic illustration of the synthesis of (a) titanium carbide-derived carbon (TiC-CDC), (b)
ordered mesoporous silicon carbide derived carbon (OM SiC-CDC), and (c) high internal
phase emulsion silicon carbide derived carbon (HIPE SiC-CDC). Adapted from Ref. '
Published by The Royal Society of Chemistry.

To maximize the contact area between the electrodes and the solution, CDI usually employs
porous carbon electrode materials with high surface areas. However, the configurations of
conventional CDI cells also exhibit significant limitations, such as diffusion-limited separation. To
overcome the aforementioned barriers, the groups at Stanford University and Lawrence Livermore
National Laboratory have developed hierarchical carbon aerogel monoliths (HCAMs) for applying in
flow-through electrode capacitive deionization (FTE-CDI). In the FTE-CDI process, the feed stream
passes directly through ‘electrodes’ along the primary electric field direction.'** '* The HCAMs
exhibit high specific capacitance and unique bimodal pore structure, thereby providing a low
hydraulic resistance.'® A similar concept of an asymmetric flow-electrode CDI has been proposed by

using an AC/MnO, suspension as the anode and an AC suspension as the cathode.'*°
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Table 2. Characteristics of electrode materials used in CDI/MCDI?

Material SSA D, (nm) Vv, (cm’/ g) Cs(Fg) Scanrate SAC Caalt Remarks ° Ref.
(m’/g) (mV/s)  (mg/g)  (gL)
AC 1901 - 1.09 91.6 5 2.10 0.03  Wood-based AC 127
AC 2080 - 0.74 337 5 12.4 0.5 Fluorinated 128
AC 2105 - 1.5 181.8 5 9.72 0.03  Coconut shell-based AC using two stage %
activation
AC 920-3500 1.08-2.42 0.57-1.63" 60-125 - - - Hydrophobic; R=3.5-16.0 Q cm’ 148
AC 811 - - 8.61 1 5.3 0.6 0.2% silver impregnated; Cejee=1.09 S/cm 149
Resin/AC 1297 1.44 0.663 91 5 18.3 2.0 By a rolling press method (anion-exchange resin) '
Nafion/AC composite  >2200 1.85-1.87 1.03-1.06  119-148 1 7.3-10.8 0.5 PTFE as binder 107
PU/AC composite - - - 67-101 10 7.7 0.1 PU is hydrophobic tal
AC cloth ~1000 - 0.56 ~120 1 10.5 2.5 - 131
ZnO/AC cloth ~1300 - - 95 1 8.5 0.1 By hydrothermal synthesis at 95 °C for 5 h. 132
N-CF 792.4 3.05 0.41 196.1 1 12.0 1.0 Derived from silk cocoon. 131
N-CF 905.3 3.04 0.58 236.0 1 16.6 1.0 Derived from silk cocoon with CO, activation. Bl
Carbon xerogel - 0.4-1.5 0.55 - - 3.0 0.25 Thickness=0.046 cm; Cihee=55 S/cm 130
Carbon acerogel 400-1100  4-9 - - - - - PSD < 50 nm; Re < 40 mQ cm; Cpeo=25-100 '*
S/cm
OMC >2030 3.3-4.0 0.77-1.59 168188 1 - - By soft-template method. 143
OMSi-CDC 2720 4.0 1.98 22.3 - 12.8 0.3 Bimodal PSD at 1 and 4 nm 1e
Multiwall CNT 489 - - 9.97 1 53 0.6 Celee=1.19 S/cm 149
Multiwall CNT 50-129 40-60 0.08-0.40 - - - - By catalytic decomposition of methane. 152
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Multiwall CNT
Double-walled CNT
Single-walled CNT
CNT-CNF film
CNT/graphene
Graphene
Graphene

Graphite cloth
Graphitic carbon
Zr0,/GO

Ti0,/GO

TiOo/NT

ce-MoS, nanosheet
HCAM

AC suspension

AC/MnO; suspension

208

415

453
~480

77

~340
1197
760
~240
544-691

500
2152.8
325.8

13.7
5.1
4.8
7.94
11.4
3.0
13.5

0.8

1.8-2.9
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0.71

0.14
2.26
1.70
0.93
0.50
0.54-0.71

0.98 ¢
1.30
0.72

47.4

175 (68)
106 (32)
63.8
160.8
452

443
238.2
109.7
>100
122.5
104.2

20

0.06
0.023
0.023

0.03
0.023
0.03
0.4
0.06
0.05
0.3
0.5
0.4

MWCNT/PVA composite
L/W/T=10/8/0.02 cm
L/W/T=10/8/0.02 cm

Ip/Ig ratio=1.14

Test for > 150 cycles

By hummers’ method and exfoliation
Test for > 150 cycles

V micro/ Vineso=0.6

ZIF-8 based carbons with N-doped
With ZrO; 10 wt%; R.=90 Q

With TiO; 20 wt%.

Ip/lg =0.825, L/W/T=11/10/0.5 cm
Test for > 20 cycles

Low flow resistance (i.e., porosity ~75%)

Used in flow-electrode CDI.
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153
108
108
139
138
108
138
154
155
140
156
157
158
144

146

* activated carbons (AC); nitrogen-enriched activated carbon fibers (N-CF); ordered mesoporous carbons (OMC); ordered mesoporous silicon

carbide-derived carbons (OMSi-CDC); carbon nanotubes (CNT); carbon nanofibers (CNF); graphene oxides (GO); hierarchical carbon aerogel

monoliths (HCAM); D,: median pore diameter (average pore size); V,: total pore volume; S.: electrosorptive capacity; C,: specific capacitance (per

gram of electrode mass); Cgyi: initial salt concentration; Cy,eo: theoretical conductivity; Cepet: electrical conductivity; PSD: pore size distribution; R.:

resistance. Note: Macropores (>50 nm), mesopore (2—50 nm), micropore (<2 nm).

P pore volume less than 50 nm;

¢ pore volume less than 10 nm.

4 PTFE: polytetrafluoroethylene.

¢ 14/1y: carbon graphitization degree.
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4.4 Performance Evaluation: Energy Consumption and Throughput

Table 3 summarizes published performance results for CDI-related processes, including
energy consumption and productivity. In a CDI system, ions in the feed solution are
electrosorbed by the electric force using a DC power typically at 1.0-1.6 V. It is noted that
the CDI technology is preferable for removal of monovalent ions over divalents. When
treating an artificial brackish water with a salinity of 2.0 g/L, CDI required only 0.59 kWh/m’
to recover 70% of the water at a permeate concentration of 0.5 g/L.'** To date, a
commercialized CDI plant with a treatment capacity of 1 ML/day has been deployed for

brackish water desalination.’*

Flow design, stacking, and water management of the CDI cells have a significant
influence on energy consumption and throughput. Another key design element is the intercell
channel thickness of the pair spacer. The pacer materials and fabrication methods are critical
to protect the CDI cell against cross-leakage between concentrate and dilute streams.'”’ In a
typical flow-between system (Fig. 9(a)), the feed water flows between electrodes through a
porous separator element, where ions are electro-migrated from the separator into the pores of
electrodes at a typical transport distance of 100 mm. In contrast, for a flow-through electrode
(FTE) CDI system (Fig. 9(b)), the feed stream flows directly through the pores of electrodes,
where ions are electro-migrated from the macropores to the micropores at a typical transport
distance of 1 mm. The FTE exhibits low hydraulic resistance and high surface area with a
hierarchical structure and porosity. As a result, the mean sorption rate of the FTE-CDI system
(i.e., with a feed concentration reduction of 70 mM NaCl per charge) was 4—10 times higher

145
also conducted a

than that of conventional CDI systems.144 Hemmatifar, et al.
computational model to evaluate the spatiotemporal adsorption/desorption dynamics in
FTE-CDI system. They found that, under constant voltage and constant flow conditions, the
electromigrative transport eventually became negligible while diffusive ion transport reduced

the overall desalination rate.
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Fig. 9 Schematic representation of (a) a typical “flow-between” CDI cell, and (b) a
“flow-through electrode (FTE)” CDI cell. Adapted from Ref. '** by permission of The
Royal Society of Chemistry. Diagram of (c) constant voltage (CV) and (d) constant
current (CC) operations in CDI, and (e) their associated energy consumption patterns.
Adapted from Ref. ' with permission from Elsevier.

Stacks of electrodes consisting of asymmetrical cells or varying the mass of carbon
between electrodes can create opportunities to optimize the voltage window and increase the
energy efﬁciency.161 Rommerskirchen, et al. ' developed a continuous CDI system with
flow electrodes based on AC suspensions. This system with a feed salinity of 1 g/L exhibited
a 93% current efficiency at a water recovery of 80%. Using an asymmetric flow-electrode
CDI, Xu, et al. '* improved the operation voltage window down to 1.8 V with a 78% salt
removal efficiency in 2 h (even for treating 0.1 M NaCl feedwater). The energy efficiency of
a CDI system strongly depends on the transport losses of both ionic and electric charge due to
system resistance. The energy stored in the EDL can be recoverable upon the discharge stage
of the cell. The losses due to circuit resistance (e.g., electric resistance of electrode and ionic
resistance of feed streams) cannot be regained. The main contributor of circuit resistance in

the CDI was from the contact resistance between collectors and electrodes.'®

In CDI, different charging operations such as constant voltage (CV) and constant current
(CC) lead to distinct patterns of energy consumption (Fig. 9(e)).'*® Kang, et al. '**
demonstrated that CDI in CC operation would consume 26—30% less energy than that in CV
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operation with equivalent ion removal. Hemmatifar, et al. '** determined the energy loss
mechanisms during charge/discharge cycling for CC operation, where the resistive and
parasitic losses were two major sources of energy losses. The results indicated that resistive
energy loss should be dominant in high current charging cases, while parasitic loss dominated
in low current cases since the electrodes spend more time at higher voltages.'** Aside from
lower energy consumption, CC operation exhibits other advantages over CV operation, such

165, 166

as producing constant and adjustable effluent concentrations, as well as limiting

charging time spent at substantial oxidizing potentials.'®’
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Table 3. CDI performance evaluation for brackish water desalination.

Water source Type * Electrode € Capacity Water Salt C;(mg/L) C, SEC Cell Ref.
(m3 /d) recovery removal (mg/L) (kWh/m3 ) voltage
(%) (%) ¢ V)
Brackish CDI  aerogel//acrogel 37.85 80 8889 2500 250 1.057 1.0-1.6 '
6000 600 4.756
Brackish CDI  aerogel//acrogel (SSA=929) 3.785 n.a. 99.0 1000 10 0.36 - 1
Brackish CDI  aerogel//aerogel (D=0.78; 0.072 70 522 1465 ° 700" 0.594 1.3 2
L/W/T=301.2/158.8/0.81)
Brackish CDI  aerogel/aerogel (D=0.78; BET=113) 0.36 2533 819 5520 1000 0.840 1.3 19
groundwater * Water from Eastern Montana, USA 90.9 5520 500 0.946
NaCl CDI activated carbon/activated carbon 2.88 >75 87.7 1000 133 3.25 1.5 170
(SSA=800, L/W/T=174/158/0.3)
NaCl CDI  graphite cloths//graphite cloths 0.054 na. na. 400 na. 2.952 3.5 e
MCDI (SSA=1,197, L/'W/T=250/190/8) 0.054  na. n.a. 400 n.a. 0.616
NaCl MCDI porous carbon//porous carbon (T=0.36), 1.44 n.a. 17.9 500 ~410 0.007 1.47 171
graphite current collector (T=0.25) (8.6 mM) (ER~80)
n.a. 90.6 500 ~47 0.198
(8.6 mM) (ER~27)
NaCl MCDI porous carbon//porous carbon (T=0.38), 0.043 50 80.8 5200 1000 3.15 - P
graphene current collector 79.8 4950 1000 2.19
(L/W/T=60/60/0.25) 78.5 4650 1000 1.60
75.6 4100 1000 1.50
71.4 3500 1000 1.05
65.5 2900 1000 0.80
54.5 2200 1000 0.55
45.9 1850 1000 0.34
9.1 1100 1000 0.15

89.2 4650 500 3.45
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87.8 4100 500 3.00
85.7 3500 500 2.20
82.8 2900 500 1.85
77.3 2200 500 1.15
73.0 1850 500 0.65
54.5 1100 500 0.17
NaCl CDI  carbon sheet//carbon sheet (T=0.30), 0.0144 na. 0.2 584.4 583.2 0.61 1.2 133
graphene current collectors 0.3 584.4 582.5 0.49
0.5 584.4 581.6 0.39
0.7 584.4 580.6 0.33
0.8 584.4 579.8 0.29
NaCl CDI  MWCNT/PVA composite// 0.0144 na. 22.0 58.4 45.5 0.038 1.2 153
MWCNT/PVA composite
NaCl FTE- HCAM/HCAM (L/W/T=20/20/1) 0.0007 n.a. 60 5844 2338 - 1.5 s
CDI
NaCl AF-C  AC//AC/MnO, 0.072 >85 78 5844 1285 - 1.8 e
DI

* HCAM: Hierarchical carbon aerogel monoliths; FTE-CDI: flow-through electrode capacitive deionization.; AF-CDI: asymmetric flow electrode
capacitive deionization.

P Feed concentrations are converted from conductivity measurement (uS/cm), where 0.7 pS/cm (microsiemans per centimeter) is assumed to be equal to
1 mg/L.'"*

¢ SSA: specific surface area (m”/g), D: density (g/cm’), L/W/T: length (mm), width (mm), and thickness (mm) of electrode sheet.

4 SEC: specific energy consumption; ER: energy recovery (%).
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4.5 Limitations and Opportunities

Over the past decade, significant breakthroughs have been made in the designs of electrode
materials and cell configuration, as well as the fundamental understanding, to improve the
performance and energy efficiency of CDI systems. The challenges and limitations as a
concentrate-minimization technology still include (1) large-scale demonstration; (2) limited sorption
capacity of carbon-based electrode materials; (3) scaling and fouling; (4) synthesis of electrodes and

membranes; and (5) lack of integrated model development.**'%> 172

4.5.1. Large-Scale Demonstration

There is significant interest in commercializing CDI technologies.''® In comparison to RO, the
main engineering limits to CDI commercialization include (1) lack of long term reliability, (2) lack
of large-scale operation demonstration, (3) electrode efficiency, and (4) cost effectiveness.'”’
Therefore, the large-scale demonstration of CDI technology should be conducted to optimize
engineering, economic and environmental (3E) performance. The management of concentrated brine
from CDI may be a practical challenge for large-scale demonstration.'® Available brine management
options, such as reversal electrodialysis (RED) and CO, mineralization, should be incorporated with

the large-scale demonstration plans.

4.5.2. Limited Sorption Capacity of Electrode Materials

Several factors can reduce electrosorption and/or hinder ionic transport in CDI/MCDI,'”

including concentration polarization and the spacer shadow effect. For the concentration polarization,
the migration of ions towards the EDLs within the vicinity of the electrode, introducing a

concentration gradient at the boundary layer.105

For the spacer shadow effect, it occurs when a
nonconductive spacer is used that partially covers (shadows) the membrane (in the case of MCDI)
and electrode (in the case of CDI). There has been little-to-no work to reducing shadowing in

MCDI;'® therefore, there is a significant window for improving energy consumption.

4.5.3. Scaling and Fouling

Electrode scaling is one of the biggest challenges encountered in electrokinetic desalination
system, especially CDI. Fouling on porous carbon electrodes by foulants such as organic compounds

limit the salt adsorption capacity of electrodes.”® Especially for novel architectures such as
41
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flow-electrode CDI and membrane CDI, reducing the fouling potential under real water systems is an

opportunity for improvement.

4.5.4. Synthesis of Electrodes and Membranes

CDI/MCDI requires novel materials, such as low resistance IEX membranes and high efficiency
electrodes to enhance performance. To the best of our knowledge, no membrane technology can
achieve a high selectivity for one particular ion species. However, they can be tailored to exhibit
monovalent selectivity and tunability to facilitate the preferential removal in a multi-ion system.173
Low cost and efficient electrode materials that have superior physical, chemical and electrical
properties in comparison to conventional CDI electrodes, and capable of processing high salinity
(seawater) are required. Novel electrodes that combine a high specific surface area (i.e., micropores
for ion adsorption) with a high ion mobility (hierarchical mesopores as transport channels) are highly
attracted.''” This can be achieved by precisely tailoring pore size distributions (PSD) of micro- and
mesopores. Micropores (<2 nm) allow for a significant increase in electrode capacitance (i.e., charge
storage) in comparison to mesopores (2—50 nm).'” The optimized network of pore structure and
pore size, allowing for fast transport, can enhance the total volume of micropores, as well as the

mSAC. Future research should be focused on elucidating the effect of electrode microstructure, e.g.,

bound spheres, monolithic structure and fibers, on the performance of desalination.

4.5.5. Lack of Integrated Model Development

In spite of the rapid development of MCDI, theories and mechanisms of charge/discharge
operation are still not clearly elucidated. An integrated model, including electrical double layer
theory (e.g., Helmholtz model and Gouy—Chapman—Stern (GCS) model), adsorption isotherms and
equilibrium, modified Donnan (mD) model, and membrane transport equation (e.g. Teorell-Meyers—
Sievers (TMS) model), should be developed and validated, especially for the MCDI. Future research

should be focused on elucidating ion transfer mechanisms for improving desalination efficiency.

5. Integrated Water Technologies for Innovation: Hybridization

Hybridization has led to the development of integrated water technologies that utilize the
synergy of each sub-system to significantly enhance overall performance, in terms of energy/material
efficiency and overall costs. As examples of hybridization, we consider electrokinetic desalination,

battery-based desalination and capacitive neutralization deionization. Battery-based desalination
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does not refer to off-grid power but rather to using battery electrodes.

5.1 Hybrid Electrokinetic Processes

A hybrid desalination approach could reduce feed pressure requirements while maintaining salt
rejection, decreasing overall energy demand. Hybrid electrokinetic processes can potentially treat
brackish water at a high water recovery with low operating and maintenance costs. Several hybrid
electrokinetic processes are currently being evaluated for impaired water desalination (Table 4). For
instance, Siemens (now Evoqua) developed a hybrid pilot system with ED and continuous EDI to
treat seawater with an average energy consumption of 1.8 kWh/m® and an overall recovery ratio of
30%."? In this hybrid process, seawater was pretreated with a self-cleaning disk filter (100 pm), and
then ultrafiltration (UF) modules. The pretreatment train provides a double barrier for organic
micropollutants and pathogens in brackish water, which could achieve potable water quality.
Similarly, Voltea developed a hybrid modulus of ED/CDI equipped with an energy recovery system
to treat water with a salinity of 3 g/L. This system also provides the real-time, remote monitoring and

175

control capability. According to their report, " the average energy consumption for a 99% salt

rejection (i.e., effluent salinity < 0.03 g/L) was less than 1.0 kWh/m® with a water recovery of 90%.
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Table 4. Performance of hybrid electrokinetic processes for desalination.

Hybrid systems Year Capacity Feedwater SEC Remarks Ref.
(m’/d)  (Salinity) (kWh/m®)
UF/ED/CEDI 2011 50 Seawater (32 1.8* e Boron-specific ion-exchange resin columns N
(Siemens) g/L) o (C,:500 mg/L TDS
e Water recovery: 30%
UF/ED/CEDI 2017 - Seawater 1.5 e Operated at a low pressure 176
o Low vibration and noise levels with improved safety
e Minimal pre- and post-treatment
ED/CDI (Voltea) 2016 - Brackish <1.0 Salt rejection: < 99% (tunable) 7

water (3 g/L) Water recovery: 90%
Equipped with an energy recovery system

Real-time, remote monitoring and control

% including energy-contributing components from pretreatment, pumping, desalting and post-treatment.
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5.2 Hybrid Architecture CDI: Battery-Based Desalination

Hybrid architecture CDI is a novel approach to enhancing the electrosorption capacity of CDI,
which combines CDI with a battery system, known as battery-based desalination. In the hybrid CDI
system, ions are removed from the feed stream by chemical bonds rather than being adsorbed in
EDLs. Sodium manganese oxide (e.g., Na,FeP,0, a representative electrode for sodium ion batteries)
can be used as the cathode (with Faradaic charge transfer) in a conventional CDI system (Fig. 10(a)).
During the charging process, sodium ions in the feed stream are intercalated into the sodium ion
electrode (i.e., the mechanism of sodium ion battery) and chloride ions are absorbed onto the
activated carbon. During the discharge step, the captured ions are released from the electrodes to
form a brine stream. Therefore, a high deionization capacity and ion selectivity can be achieved in
the hybrid CDI due to the unique structure and high specific capacity of the battery materials, as
shown in Fig. 10(b). The hybrid CDI system may exhibit a reduced removal rate and a lower

performance stability over extensive charge-discharge cycles.
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Fig. 10 (a) schematic diagram of battery-based desalination system consisting of electrodes for
sodium ion batteries (with Faradaic charge transfer) on one side of cell and AC electrode (a
capacitive electrode) with an anion exchange membrane on the other side. (b) Ragone plot of
sodium manganese oxide electrode with respect to feed salinity and current density; HCDI:
hybrid CDI; MCDI: conventional membrane CDI. Adapted from Ref. '® with permission
from Elsevier.

Lee, et al. 177 applied a sodium manganese oxide (NasMngOg) electrode along with a porous
carbon electrode in hybrid CDI system. The results indicated that the battery electrodes exhibited a
higher salt sorption capacity (i.e., 31.2 mg/g) than typical CDI electrodes (i.e., 13.5 mg/g). Kim, et al.
195 also synthesized a sodium iron pyrophosphate (Na,FeP,05) electrode for hybrid CDI system. The

developed system with Na,FeP,0; showed an excellent maximum deionization rate performance (i.e.,
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0.081 mg/g/s) with a comparable deionization capacity (i.e., 30.2 mg/g). The capacity and
deionization rate of hybrid CDI depend on the operation conditions, such as the current density, cell

: . 165
voltage and influent concentration.

Similar to the hybrid CDI system, a modified CDI utilizes two battery electrodes (desalination
batteries), i.e., a sodium intercalation cathode paired with a Ag/AgCl conversion anode to enable
solid-state Faradaic electrode reactions.'”® This system possesses the potential to achieve a higher
salt sorption capacity and treat water with a higher salinity compared with conventional CDI.

? synthesized an Ag-coated carbon composite electrode to hybridize the

Similarly, Yoon, et al. 17
characteristics of a battery and a capacitor. Compared to using a non-Ag-coated electrode, the CDI
system using the Ag-coated electrode can dramatically enhance the charge efficiency from 76% to
92%. Due to its ability to operate at low voltages, the energy consumption for deionization using
Ag-coated hybrid CDI (73.3 kJ mole™) was found to be superior to that using membrane assisted
CDI (136.7 kJ mole'l).179 Smith * referred to this concept as cation intercalation desalination (CID),
where the original CDI could be employed with generic intercalation host compounds such as
Nao_44Mn02,180’ 181 NaTiz(PO4)3,182 and Prussian Blue analogues.183 In any case, a critical concern

with battery electrodes for desalination is the chemical stability over frequent charge/discharge

118 . . . .. . .
cycles.” ~ Another concern is their performance with water containing complex ionic species.

5.3 Capacitive Neutralization Deionization

1. 18 proposed a new concept of desalination, i.e., flow-electrode capacitive

Recently, Wang, et a
neutralization deionization (FCND), which combines neutralization dialysis (ND) and flow-electrode
capacitive deionization (FCDI), as shown in Fig. 11(a). ND is one type of membrane desalination
that involves two spontaneous Donnan dialysis operations (i.e., the acidic electrolyte with a cation
exchange membrane while the alkaline electrolyte with an anion exchange membrane). Therefore,
the ND process does not require an external electrostatic force for desalination. In the FCND system,
capacitive adsorption of salt ions occurs simultaneously during the conventional ND process. For
instance, one of novel FCND designs uses HCI (as an acidic electrolyte) and NaOH (as an alkaline

electrolyte) solutions in the flow-electrode channels instead of salt solutions used in the conventional

flow electrodes.
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Fig. 11 (a) schematic view of flow-electrode capacitive neutralization deionization (FCND) system.
(b) average salt adsorption rate (ASAR) as a function of voltage in the water channel for
FCND, flow-electrode capacitive deionization (FCDI) and neutralization dialysis (ND)
systems. Adapted from Ref. '* with permission from Elsevier.

The FCND system exhibits a promising performance compared to either ND or FCDI process,
where the average salt adsorption rate and salt removal efficiency of FCND were 203.3 mmol m?
min" and 72.2% in 0. mM NaCl solution at 1.2 V after 120 min."*" At the same operating
conditions, the values of average salt adsorption rate and salt removal efficiency for an FCDI system

were approximately 120.9 mmol m” min” and 42.9%, respectively.

6. Perspective and Prospective

The choice of desalination technologies and process configurations is dependent on several
factors including quality of feedwater, target quality of produced clean water, desired productivity,
options for brine disposal, land availability, and local regulatory requirements. We present a

perspective and prospective on choosing electrokinetic desalination for brackish water.

6.1 Brackish Water Desalination Technology and Beyond

Improving electrokinetic desalination can provide cost-effective and robust solutions to meeting
water demand and enhancing availability of water resources. A clear development roadmap for
promising brackish water desalination technologies with firm targets and the resources for
large-scale demonstrations are required for deployment. We set a target of 40% reduction in energy
consumption, i.e., < 0.4 kWh/m®, for brackish water desalination in the near term (Fig. 12). Based on

present electrokinetic desalination (process only) conditions (>0.7 kWh/m®), we propose a

47

Page 48 of 61



Page 49 of 61

Environmental Science: Water Research & Technology

medium-term (3—4 years) target for desalination of 0.4-0.7 kWh/m® and a long-term (>5 years)
target of <0.4 kWh/m’. The difference between these energy consumption targets can be attributed to

further advances in materials science, process intensification and hybridization.

Brackish Water Desalination
Innovation Stage

<0.4 kWh/m?3
Hybrid Stage
0.4-0.7 kWh/m? ‘
Long-term
O (>5 years)
Current Stag;e Mid-term
>0.7 kWh/m (3-4 years) ‘ Membranes
.Short-term ’ NF-ED(1)-CDI ‘ ‘ Novel Electrodes

’ ED H EDI H CDI HPretreatment ‘ ‘ModulusDesign

|
|
(<2 years) | Renewables l ‘ Process Control ‘
|
|

| EDR || EDIR || MCDI | [ Energy Recovery | | Heat Integration

Fig. 12 Brackish water desalination by electrokinetic processes. Assumptions: a salinity of
feedwater < 5.0 g/L; a salinity of permeate water < 0.5 g/L; a water recovery ratio of 90%;
and thermodynamic limit at 15 °C: 0.231 kWh/m’.

In the short term, both ED-based and CDI processes are alternative desalination method that can
increase water recovery and lower energy consumption, compared to RO, for the salinity range of
brackish water. In addition, higher brine concentrations can be achieved with ED-based processes
compared to RO,'™ which can assist with brine management. It suggests that the ED-related
processes could provide cost advantages over RO for waters with salinity < 10 g/L."® The Electric
Power Research Institute (EPRI) conducted a study on technology innovation for efficient water
treatment and reuse for brackish water desalination (e.g., a feed salinity of 2—5 g/L). The results
suggest that pursuing research involvement in ED-based technology, especially EDI, could achieve
targets for costs- and energy-efficiency.'®® In the medium term, technology opportunities include (1)
hybrid electrokinetic processes such as a ED/CDI hybrid, and (2) waste heat utilization which should
be integrated with heat exchangers. The use of electrokinetic desalination processes is changing from
conventional ED to hybrid processes and catalytic reactors with specific industrial applications.
Further improvements can be achieved by combining desalination units with renewable energy such
as solar-driven ED. In the long term, research should focus on novel electrokinetic processes,
including (1) evolution of ionic conductive materials that could be potentially applied in

electrokinetic technologies such as EDI and beyond; (2) breakthroughs in electrode materials that
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can be integrated in electrokinetic desalination such as CDI and beyond; (3) development of
synthetic ion channel membranes served as either IEX membranes for specific ions, or as a
molecular gate for all ions; and (4) technology transition from a brackish water desalination to a

seawater.

6.2 Challenges to Managing Energy Consumption

When evaluating the performance of brackish water desalination, water recovery, productivity,
and specific energy consumption (e.g., kWh/m®) are important factors. Increasing water recovery
ratio is critical in water scarce regions and regions with limited brine management options. Typically,
specific energy consumption increases with the increase of water recovery ratio. For desalination
technologies, improvement in membranes, modules and processes could create an opportunity to
increase the volume of purified water, yield greater water productivities and recoveries with
moderate increases in specific energy consumption. Therefore, a balance between energy
consumption and water recovery must be considered in technology choice, system design, and
operations parameters. Most electrokinetic desalination technologies are membrane-based and have
inherent fouling challenges and therefore require pretreatment. Development of fouling-resistant

membranes with a low electrical resistance are crucial.

For electrokinetic desalination, the operations costs will obviously depend upon the energy
consumption of the process and the local cost of energy. Prices for energy (i.e. power) can be
dynamic based on imbalances between production and demand. Storage of clean water is relatively
inexpensive, creating the opportunity to schedule desalination based on power markets. Operating
(energy) costs for water desalination could be reduced while water purification provides a
load-balancing service to the power grid. The ultimate economic driver will be a balance between the
energy costs and the capital utilization efficiency of the water treatment plant. Other factors could

include the ability to ramp up and down the water treatment plant.

The costs of desalination are site-specific, depending on numerous parameters such as
feedwater quality, plant capacity, brine disposal options, and local conditions. The operation costs of

desalination can be grouped as follows:

+ Pumping for intake, product water and process recirculation
* Pre-treatment or post-treatment (e.g., re-mineralization)

+ Desalination unit (e.g., EDI and CDI)
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+ Brine disposal options

+ Automation and control (e.g., labor intensity)
+ Energy utilization and recovery

+ Civil infrastructure (e.g., piping, etc)

+ Size and distribution of the plants

Balancing the energy efficiency and productivity to ensure cost effectiveness is essential for a
large-scale deployment. In general, reducing energy requirements for desalination technology could
help effectively reduce the overall costs. Improvements in energy efficiency of the other components
and facilities, such as the pretreatment and pumps, are critically important to reduce the overall costs.
To minimize energy consumption and overall cost of a desalination unit requires consideration of (i)
real-time feedback controls linked to feed water quality and process production; (ii) improvements in
process system design such as less pretreatment and effective brine management; (iii) development
of fouling resistant membranes; (iii) high efficiency pumping (especially for RO), and (iv) energy

recovery.

6.3 Synergetic Approach to Addressing Water and Energy Nexus

With demand for desalination increasing in energy-importing countries such as India and China,
there is strong interests in facilities combining desalination with (i) intermittent renewables or
geothermal electric generation; (ii) the use of off-peak electricity; and (iii) the use of low grade
(waste) heat via cogeneration. Desalination driven by distributed renewable energy is a viable
solution to water scarcity in remote regions unconnected to a central electricity grid. Deployment of
brackish water desalination technologies must consider the spatial and temporal factors on the
availability and characteristics of water and energy sources, as well as the options for brine
management. Taken together, deployment of desalination technologies in developing regions could

address water resource challenges without stressing energy resources.

Future brackish water desalination technology adoption should be based on a holistic
engineering, economic and environmental (3E) analysis that not only considers engineering
performance (e.g., productivity) and unit costs ($/m’) but also takes into account minimization of
environmental impacts (brine management) via a rigorous life cycle assessment (LCA). To address
the water and energy nexus, a critical energetic and environmental analysis of water resources must
also be considered. For example, the environmental impact of ground vs. surface water must be
considered. The proximity to suitable sites for brine discharge (e.g., the seacoast) can have a
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significant impact on design and costs. More stringent brine management requirements may require

additional energy investment, which should be systematically considered in the design.

7. Conclusions

This article presents a pioneering review on the current state-of-the-art in the removal of ions

from water to treat brackish water using electrokinetic methods, while identifying emerging

technologies and potential advances in materials science, process engineering, and system integration.

Opportunities to mitigate nexus trade-offs exist in improving both water and energy efficiency,
especially for desalination facilities. While water reuse from brackish water is a sustainable solution
to water scarcity, consideration must be placed on the energy consumption for treatment technologies
for removing salts from saline water. Electrokinetic processes, using an electromotive driving force
to separate salt ions rather than a size selective (pressure-driven) process, can provide water at a
targeted salinity that is fit-for-purpose. In this review, we found that the electrokinetic methods for
brackish water desalination typically exhibit a high recovery ratio (> 85%) with low operating
(energy) and maintenance costs. For brackish water desalination, the issue of brine concentrate
management using electrokinetic methods also could be mitigated, compared to pressure-driven
processes such as RO, to avoid severe environmental impacts. Also, desalination facilities driven by
distributed renewable energy should be a viable solution to water scarcity, especially in remote

regions.
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