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Abstract

Water scarcity is an increasing problem around the world due to growing population and more frequent
weather extremities. Desalination, the process in which salt water is converted into freshwater, is a sensible
option to expand the drinking water supply by accessing the vast salt water resources on Earth. Capacitive
deionization (CDI) is a novel desalination technology that is based on separating salt ions from aqueous so-
lutions in an electrical double layer. An electrostatic potential difference is applied between two high surface
area electrodes, the two oppositely charged electrodes attract and adsorb salt ions onto the electrode sur-
face, as such producing a purified stream of water. In time, the electrodes become saturated with ions. To
regenerate the electrodes the applied potential is removed or reversed, producing a concentrated stream of
water.

For brackish water, this new fundamental method of desalination has advantages over conventional de-
salination technologies. CDI can be operated with minimal energy requirement in ambient pressures and
temperatures, delivering easy operable systems. This thesis investigates manufacturing of activated car-
bon electrodes purposed for multi-channel CDI (MC-CDI). Current CDI systems operate by desalinating one
channel and concentrating the same channel periodically. MC-CDI operates a charging scheme, utilizing
more than two electrodes, to desalinate one channel into another channel, circumventing the need to sep-
arate desalinated water from concentrated water downstream. Due to the different mode of separation are
currently available CDI electrodes not tailored to, or not usable at all, in MC-CDI.

In this project six successful different types of electrodes are manufactured by dip coating. The coating
compositions applied onto carbon fiber and glass fiber paper support structures are 80:10:10, 70:10:20 and
40:40:20 using activated carbon powder (ACP), carbon black and PVDF binder respectively. The in-house
build electrodes are analyzed with cyclic voltammetry, desalination measurements and a surface and pore
size analyzer. Two-dimensional electrosorption simulations are performed to explore the effect of electrode
resistance, micropore porosity and electrode thickness.

The dip coated electrodes result in permeable smooth uniform electrodes. The ACP used is a typical mi-
croporous activated carbon with a specific surface area of 930 m2/g . The electrodes with the most amount
of ACP display largest capacitance and salt adsorption capacity. The best gravimetric performing electrode is
the glass fiber paper electrode with high ACP coating, which can be characterized by a capacitance of 31.44
F/g and a salt adsorption capacity (SAC) of 2.8 mg/g. To compare the experimentally determined capacitance
and SAC with the literature, the fact that part of the electrodes is covered by a rubber gasket is taken into ac-
count, this part is excluded to contribute to the electrosorption process. The active area adjusted capacitance
and SAC for the glass fiber paper electrode with high ACP coating result in 49.37 F/g and 4.40 mg/g, and is in
line with literature. It is shown that increasing the binder mass in the coating results in mechanically more
stable electrodes, at the cost of blocking surface area from ion adsorption. Increasing the amount of carbon
black in the electrode increases the electrical conductivity of the coating, at the cost of SAC. The carbon fiber
electrodes have superior electrical conductivity compared to the glass fiber electrodes, however, the con-
ductivity of the glass fiber electrodes does not under-perform dramatically and a non-conductive support
structure can very well be used in CDI electrodes. The carbon fiber electrodes display more limited MC-CDI
functionality, as the carbon fiber structure results in a more dense separation between the channels, poten-
tially resulting in less efficient MC-CDI operation. Electrosorption simulations show that the process takes
place in two distinct phases: fast initial micropore charging, followed by slow diffusion-limited uptake of salt
from the gap. Increasing the electrode electrical resistance results in an impeding effect on electrosorption.
Increasing the micropore porosity results in larger SAC. Thicker electrodes can adsorb more salt, however,
the adsorption kinetics are more limited by the increase of the diffusion time scale. From these results, thin
highly electrical conductive electrodes with large SAC can be derived to be preferable in MC-CDI operation.
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Nomenclature

Abbreviation Full Form Abbreviation Full Form
ACC Activated Carbon Cloth H2 Hydrogen gas
ACF Activated Carbon Fiber H2O2 Hydrogen Peroxide
ACP Activated Carbon Powder H2O Water
AEM Anion Exchange Membrane i-CDI Inverted Capacitive Deionization
AM Active Material KOH Potassiom Hydroxide
BET Brunauer-Emmett-Teller MCDI Membrane Capacitive Deionization
CA Conductive Additive MC-CDI Multi-Channel Capacitive Deionization
CB Carbon black
CDI Capacitive Deionization mD modified Donnan
CEM Cation Exchange Membrane MED Multi-Effect Distillation
CF Carbon Fiber MSF Multi-Stage Flash Distillation
Cl2 Chlorine Na+ Sodium
Cl− Chloride NaCl Sodium Chloride
CNT Carbon Nanotubes O2 Oxygen
MWCNT Multi-walled Carbon Nanotubes OH− Hydroxide
CO2 Carbon Dioxide -OH Hydroxyl
CV Cyclic Voltammetry OMC Ordered Mesoporous Carbon
DSS Dynamic Steady State PTFE Polytetrafluoroethylene
ED Electrodialysis PVA Polyvinyl Alcohol
EDL Electrical Double Layer PVDF Polyvinylidene Fluoride
EIS Electrochemical Impedance Spectroscopy RO Reverse Osmosis
fb-CDI Flow-By Capacitive Deionization SAM Salt Adsorption Measurement
ft-CDI Flow-Through Capacitive Deionization SHE Standard Hydrogen Electrode
Fe3+ Iron (III) TDS Total Dissolved Solids
GCS Gouy-Chapman-Stern TOC Total Organic Content
GF Glass Fiber WCF Wood Carbon Framework
H+ Hydrogen WR Water Recovery
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vi 0. Nomenclature

Symbol Definition Unit
φ(x) Potential profile V
λD Debye length nm
e Euler’s number -
λB Bjerrum length nm

cs Concentration particles
m3

NA Avogadro’s number particles
mol

M Molarity mol
L

k Boltzmann constant m2kg
s2K

T Temperature K
cm,i Micropore concentration species i mM
cM ,i Macropore concentration species i mM
zi Valence species i -
φD Donnan potential V
VT Thermal voltage V
µat t ,i Nonelectrostatic adsorption potential V
qm Micropore charge density C

m3

F Faraday constant C
mol

Cm Effective specific capacitance of micropores F
m3

φm Micropore potential V
Le Electrode thickness mm
Ls Gap thickness mm
L Electrode length mm
W Electrode width mm
Iext External current A
Vext External potential V
Rc Resistive element Ω

u Flow velocity field m
s

c Concentration mM
pm Micropore porosity -
pM Macropore porosity -

Di Diffusion coefficient species i m2

s

De Diffusion coefficient within electrode species i m2

s
u sup Bulk flow velocity m

s
wm Concentration in micropores mM
φe Electrode potential V
i Macropore ionic current A
Pee Electrode Péclet number -
hmax Maximum film thickness mm
r Particle radius m
G Shear modulus Pa
Vd Volume diluted water L
Vc Volume concentrated water L
∆td Time interval in which the diluted water is collected s
∆tc Time interval in which the concentrated water is collected s
Q Volumetric flow rate mL

min
〈∆c〉 Concentration reduction mM
∆Nd Salt removed over one cycle mol
∆Nc Salt added to the concentrate stream over one cycle mol
cfeed Feed concentration mM
cout Effluent concentration mM
Ev Volumetric energy consumption J/L
Ein Energy input J

Continued on next page
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continued from previous page
Symbol Definition Unit
Eout Energy output J
I Current A
U Applied voltage V
∆tcycle Total DSS cycle time s
P Productivity L

cm2h
Emolar Molar energy consumption J

mol
Mw Molar mass of the salt g

mol
m Total mass of the electrodes g
C Capacitance F
Λcycle Charge efficiency %
ηcoul Coulombic efficiency %
qin Charge transferred at positive current C
qout Charge transferred at negative current C
Rs Series resistance Ω

REER External electronic resistance Ω

Rsp Separator resistance Ω

lsp Separator thickness µm
τsp Separator tortuosity -
κ Electrolyte conductivity mS

cm
psp Separator porosity -
E0 Shorting potential V
EPZC Potential of zero charge V
E 0 Redox potential V
Rel Ionic electrode resistance Ω

v Cyclic voltammery voltage sweeprate mV
s

Acurve Area enclosed by cyclic voltammetry curve W
U1 Switching potential 1 V
U2 Switching potential 2 V
Ar eap Area electrode that actively takes part in electrosorption process cm2

M assc Mass of the electrode excluding the weight of the support structure g
Rp Parallel resistance in the Randles cell Ω

t1/2 Half-life time s
c0 Influent salt concentration mM
U Mean flow velocity m

s
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1
Introduction

Our planet, the ’Blue Planet’, is covered for 71% with water [32]. Water is vital for all life on the planet. Un-
fortunately, even with all this water, more than 40% of the global population is affected by water scarcity [60].
How did we end up here?

To understand how water scarcity arises, it is important to note that only 2.5% of all water is fresh water.
Considering most of that is stored as glaciers or deep groundwater, only a small portion is readily available
for use. Water is a naturally circulating resource that is constantly recharged via global hydro-logical cycles
powered by solar energy. Climate change is expected to accelerate water cycles and increase the available
renewable freshwater resources. In contradiction, changes in seasonal patterns and increasing probability of
extreme events may cause increasing spatial-temporal water scarcity [48].

To keep up with the increasing demand of a growing population and the varying effects of climate change
society needs to adapt to avoid crippling water shortages. Even well developed countries like the USA and
the Netherlands face challenges in providing clean fresh water to all of its regions. Future predictions show
water stress will increase notably in central and southwest America [8] and earlier this year (2020) a prolonged
period of drought within the Netherlands raised caution with the usage of available water [47]. However, in
developing countries, like India, the increasing water scarcity is more problematic. In India groundwater
makes up 40% of the supply and 21 Indian cities are expected to run out of groundwater by the end of this
year. All while other water sources are depleting likewise, almost two-thirds of India’s reservoirs are running
below normal water levels [66].

Better water management should be in place to maintain or even increase the supply of safe accessible
water. From an engineering perspective water scarcity is rather uncomplicated, techniques to treat water
have been around for thousands of years. However, high-energy-demanding conventional technologies are
often unsustainable and lose approval in a time of climate change and growing population. As most of earths
bodies of water are saline, new improved desalination technology can help increase access to clean drinking
water. This master thesis research is conducted into low-energy-demanding desalination technology, capac-
itive deionization (CDI). Activated carbon electrodes are build in-house with the aim to tailor the electrodes
to a novel method of CDI operation.

1.1. Processing Water
The great majority of evident water-related health problems are the result of microbial contamination. Be-
sides, an appreciable number of serious health concerns may occur as a result of the chemical contamination
of drinking water [65]. Increasing population plus the growing complexity of municipal, agricultural and in-
dustrial activity originated the need for a systematic approach for treating water. To provide safe and acces-
sible drinking water, water treatment methods have been applied since ancient times [17]. Means of treating
water have improved to keep up with increasing drinking water quality standards. Drinking water today must
meet criteria of microbial, radiological, inorganic and organic chemical aspects, and must be acceptable in
terms of taste, odor and appearance.

Nowadays, a conventional water treatment process consists of screening, coagulation, flocculation, aera-
tion, sedimentation, filtration and disinfection, as can be seen in Figure 1.1. Dependent on the source water
quality additional treatment stages may need to be included. These additional stages can be pH adjustment,
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Figure 1.1: Five of the seven main steps taken in a conventional water processing plant. The steps left out are the screening of the intake
and the aeration process after sedimentation.

membrane processes or adsorption processes [17]. As 97.5% of all water resources remain as salt or brackish
water, it is desalination that provides a means for utilizing this vast water source. Desalination is the process
of separating minerals and salts from saline water, producing water that can safely be used after conventional
processing.

1.2. Current State of Desalination
Sea and brackish water are typically desalinated using two general types of water treatment technologies.
The most common technology applied in desalination systems around the world is reverse osmosis (RO)
membrane separation. The second technology used for desalination is thermal evaporation (distillation).
In reverse osmosis desalination, fresh water is produced from saline source water by pressure-driven trans-
port of water through semi-permeable membranes. The main driving force in RO desalination is pressure,
which is needed to overcome the naturally occurring osmotic pressure. In thermal evaporation, fresh water
is separated from the saline source by evaporation, utilizing heat as the driving force.

Next to thermal evaporation and RO membrane separation, two other mainstream technologies that are
in use at present are electrodialysis (ED) and ion-exchange (IX). ED is electrically driven desalination in which
salt ions are moved out of the source water through exposure to direct electric current. IX is the selective re-
moval of salt ions from the water by adsorption onto ion-selective resin media. The driving force in this
process is the ion charge of the IX resin, which can selectively attract and retain ions of the opposite charge
contained in the saline source water. RO is most widely applied and can be found in 60% of the world’s desali-
nation plants. Thermal desalination facilities take up 34% of all facilities, 75% of these facilities are located in
the Arabian Peninsula. There, they use the most saline bodies of water on the planet, making thermal evap-
oration a viable technology. ED and IX are only applied in a small number of plants [61]. Globally, RO and
multi-stage flash distillation treat the same amount of volume [4].

Table 1.1: Desalination process applicability adopted from Desalination Engineering, Planning and Design [61].

Separation Process Range of Source Water TDS Concentration
for Cost-Effective Application, mg

L
Distillation 20,000 - 100,000
Reverse Osmosis Separation 50 - 46,000
Electrodialysis 200 - 3000
Ion Exchange 1 - 800

Table 1.1 shows a general indication of the range of source water salinity for which technology can be
applied cost effectively for desalination. The salt content of water is usually measured by the water quality
parameter total dissolved solids (TDS), in units of mg

L . The standard for safe drinking water only allows for



1.3. Capacitive Deionization as an Alternative Desalination Technology 3

500 mg
L TDS. Brackish water is classified as water with TDS between 500 and 15,000 mg

L . Water with TDS of

15,000 mg
L or higher is generally referred to as seawater. For CDI brackish water seems most applicable, as

the electrodes have a finite ion capacity and the applied voltage potential is limited, CDI can only deliver
relatively small TDS reduction each step [7].

Conventional desalination technologies process the total source water feed, i.e, all water has to be trans-
ported through a membrane, or through a vapor phase. This ensures the desalination process to be highly
energy-intensive. The three major thermal evaporation technologies in use are multi-stage flash distillation
(MSF), multi-effect distillation (MED) and vaper compression (VC). These technologies require an energy
input of 5.7 kW h

m3 in the most favorable scenario up to a total of 15 kW h
m3 . The energy use for RO membrane

separation ranges from 0.3 to 4.0 kW h
m3 , the high energy consumption of these technologies can be dedicated

to the high temperatures and pressures needed to operate the processes.
In 1960 a novel process for desalination was first investigated. Utilizing electrostatic forces to separate

salts directly from the saline feed, instead of treating whole feed streams. This fundamental difference could
allow for immense advantages in energy usage. Yet, as little was known about the fundamentals of this pro-
cess at the time, it did not gain much attention. This process, which remained poorly understood at the time,
would later become known as capacitive deionization (CDI). However, in times of need for technological ad-
vancement, this technology has resurfaced in the field of scientific research. CDI offers a positive perspective
on low-cost desalination and can be a part of the water management structure in the future.

1.3. Capacitive Deionization as an Alternative Desalination Technology
CDI is currently an emerging technology that is based on capturing charged ionic species from aqueous so-
lutions in an electrical double layer (EDL), and is being widely explored for water desalination applications.
In a typical CDI cell two electrodes are positioned opposite to each other, spaced by a non-conductive mesh.
The aqueous solution is allowed to flow between the electrodes through the spacer. During operation a po-
tential difference is applied between the electrodes and the solution is pumped through the cell. The op-
positely charged electrodes capture the salt ions in the EDL formed in the electrodes, this process is called
electrosorption. As the electrodes adsorbs more and more ions over time, the EDL reaches equilibrium and
the electrodes become saturated, capturing a certain amount of ions in the EDL. Saturated electrodes can
be replaced or regenerated. Regenerating the electrodes can be achieved by removing the applied potential,
i.e, short-circuiting, or a reverse charge can be applied to repel the captured ions. Ions are adsorped during
charging of the CDI cell and desorbed during discharge, by correctly phasing these steps the cell can gener-
ate a purified and concentrated effluent [2, 4, 30, 53, 58]. A graphical overview of CDI operation is shown in
Figure 1.2, along with a magnified part of the electrode material displaying a porous material structure and
EDL formation.

Figure 1.2: Overview of CDI operation and non-faradaic capacitive processes in CDI, adopted from Zhang et al. [68]. The top left picture
displays two electrodes enclosing a concentrated stream of positive and negative ions. During charging the ions are adsorbed onto the
electrodes. During discharging the ions are released back in the gap. The magnified part of the electrode surface depicts the EDL formed
(left) and the porous structure of the carbon electrode (right).
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As a salt ion removal technology, the working principle of CDI provides three unique advantages. Firstly,
CDI operates at low pressures and room temperatures, which is energetically favorable. Moreover, the applied
voltage difference is low and the magnitude of the electrical current is dependent on the system size. All in
all a working CDI system is easy operable with minimal energy input requirement. Second, in CDI the few
salt ions are directly separated out of the feed water. This can allow for potentially higher energy efficient
desalination of low salinity source waters, such as brackish water. Thirdly, the CDI cell operates with many
features like an electrochemical supercapacitor, the CDI cell has the ability to store energy during charging
and the option to recover some of this energy when discharging [58].

The EDL is formed due to electrosorption at the interface between the electrode and electrolyte. The
electrode is the solid part of the CDI cell that stores the electrodes and the electrolyte is the solution that
contains ions. The interface between electrode and electrolyte can be very large for electrode materials with

a high number of micropores, exceeding 1000 m2

g . Across the interface charge separation occurs, with excess
charge in one phase and locally charge-compensated by charge in the other phase. These two layers summed
result in zero charge with electronic charge in the electrode is locally compensated by opposite ionic charge
in the aqueous phase. The most simple EDL model is the Helmholtz model, in this model ions with opposite
charge are adsorbed onto the electrode surface and condensed into one dense uniform layer onto the surface
of the electrode, which enables the electrodes to store large charge densities at relatively low voltages, see
Figure 1.3.

Figure 1.3: The Helmholtz model for describing the EDL.

In practice, the Helmholtz-model does not describe the electrosorption mechanics sufficiently enough
and more complex models need to be incorporated [53]. Nonetheless, it yields important introductionary
insight into the relation between electrosorption capacity and surface area. More area means more capacity
for ion storage. Consequently, the quality of CDI operation depends greatly on microscopic material struc-
ture. Ideal electrode properties are recognized from the working principle and EDL model. Accordingly, the
electrode material should be of large specific surface area, have high electrical conductivity, good wettability,
be mechanically stable and of low cost [30].

Carbon based electrodes contain many of the proposed ideal properties and so exhibit excellent CDI per-
formance. The application of porous carbon electrodes for water desalination was first investigated back in
1960. At that time little was know about the working principle of CDI as the theory of the EDL was only first
formulated in 1970. After the breakthrough of the EDL theory the majority of research on porous carbon
electrodes became dedicated to capacitive energy strorage applications, and CDI got overlooked. Research
into porous carbon electrodes for CDI application started to gain more traction as new carbon materials were
developed. In 1995 carbon aerogel was first applied, followed by multiwall carbon nanotubes in 2005.

For CDI to be competitive, CDI must compare favourably with the conventional desalination technologies
both in terms of capital and operational costs. As more than 90% of desalination plants apply RO and MSF
methods, CDI will be compared to these technologies. Furthermore, ED should be compared to CDI. While
ED is a membrane process like RO, the driving force is an applied potential between two electrodes, just like
CDI.

The minimum energy required to separate ions from a solution is around 1.1 kW h
m3 for seawater and 0.12

kW h
m3 for brackish water [56]. Do note that these values depend on water recovery and input-output flow

concentration ratio. As stated before RO is more cost effective than MSF desalinating seawater, 2.9-3.7 vs.
4.0 kW h

m3 . The energy use of 4.0 kW h
m3 for MSF is only true in case MSF is cited with a working power plant

to reduce the heat required to drive the distillation process [4]. In 2013 a portable prototype CDI unit was
used to desalinate inland brackish water. This unit treated at its highest energy efficiency 7 L

mi n at an energy
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consumption of 1.89 kW h
m3 with a recovery rate between 75% and 80% [45]. CDI has the ability to achieve

high water recovery, up to 90%, while RO normally has a recovery rate of 50% or less [64]. ED operation
resembles very closely to that of CDI and is already commercially accepted for water treatment. The transport
phenomena in ED and CDI are very similar and in both technologies anion and cation membranes can or are
incorporated. These membranes contribute to a high cost for ED. In case CDI is able to preform adequately
without membranes it can sure be competitive with respect to ED.

At this day, with the increasing need for efficient desalination technologies, and many other promising
finds in the field of CDI, research into CDI has picked up momentum and several companies have started
marketing commercial CDI technologies. Companies that someway or another have survived for more than
a couple of years are ecoEWP, Atlantis Technologies and Voltea, all operating from the USA [53, 64]. Voltea
claims their CapDI© technology delivers tunable salt removal (25%-90%) at less than 0.5 kW h

m3 , with low/no
chemical costs and up to 90% water recovery. EcoEWP is adapting CDI technology to Indian water conditions
and started site testing in 2016. EcoEWP supplies purifiers able to desalinate 1 mg/L at 80% water recovery
rate. Atlantis Technologies provides radial deionization (RDIT M ) technology able to desalinate up to 100
mg/L at a water recovery of 95%. These products usually provide relatively low through put.

As these products are being brought to market there remains much to be investigated in the field of CDI.
To increase and further the implementation of CDI technology into industry the robustness of CDI technology
to various source water qualities needs to be increased and the behavior over time needs to be detailed and
enhanced. To enlarge industrial implementation the design and operation of CDI systems need to be better
understood and elaborated upon.

1.4. Research Objectives
Current research at the Technical University Delft is focused on developing a novel CDI design and operation,
multi-channel capacitive deionization (MC-CDI). This new design incorporates more than two electrodes in
one CDI cell. This way more than one channel is configurated in one cell. The idea behind the novel design
is to develop a continuous operating CDI unit without the need to redirect effluent streams during opera-
tion in order to separate product form concentrate within the effluent, but instead utilizing the change in
potential distribution of the electrodes to allow for ion transport between the different channels, see Figure
1.4. In the first transition step (1) of the MC-CDI cell the electrodes enclosing the concentrated stream are
being charged. In the second transition (2) the middle electrode is being shorted as the top electrode is be-
ing charged. As the middle electrode is reaching zero potential the electrode is reversely polarized while the
bottom electrode is being shorted or reversely being polarized as well in order to move the adsorbed species
towards the middle electrode. In the third transition (3) the electrodes are shorted and so releasing the ions.
As every other method of CDI operation functions using only one channel many developed electrodes are
build using metal foil. In MC-CDI the electrodes need to be able to permeate water as the salt ions diffuse
through the water. To allow for MC-CDI to operate optimally in the future the electrodes need to be tailored to
MC-CDI needs. In this thesis electrodes are build in-house with the aim to tailor them to MC-CDI operation.
Literature is reviewed to gain understanding of the present CDI modes of operation, how CDI performance is
measured, how this performance analysis relates to ideal properties for the electrode and how this informa-
tion can be transformed into a MC-CDI electrode. Furthermore, simulations are completed to help interpret
what and how parameters affect CDI performance.

Three research objectives are formulated in the aim of improving multi-channel capacitive deionization func-
tioning.

1. Manufacture an electrode for multi-channel capacitive deionization purposes, able to capture and re-
lease ions; while in the process of releasing ions, the ions should be able to permeate the electrode fully
with minimal water cross-over.

2. Evaluate the performance of the in-house build electrode in standard flow-by CDI and demonstrate
functionality in multi-channel capacitive deionization, using synthetic NaCl solution.

3. Model electrosorption in 2D to explore parameter changes of electrode properties on desalination per-
formance.
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Figure 1.4: Overview of MC-CDI operation. Top left depicts three electrodes enclosing two channels, the channels are diluted and
concentrated according to the amount of ions. In the first transition (1) the bottom two electrodes are charged until saturation. The
second transition (2) shows the charging of the top electrode as at the same time the middle electrode releases its ion content. This
causes for the ions to be moved to the upper electrode. As the middle electrode approaches short-circuit potential it is reversely charged,
meanwhile the bottom electrode is reversely polarized. This drives the ions toward the middle electrode. In the third transition (3) the
top two electrodes are shorted and the ions are released in the top channel.



2
Literature Review

To complete the research objectives appropriately, the scientific literature is reviewed and compiled into a
solid methodology. The structure of the review starts with reiterating the process of CDI. From the process
the performance metrics and performance indicators for the CDI process are formulated. In the third section
several relevant parameters involving CDI are elaborated upon. From the performance metrics and indicators
in combination with the relevant parameters the ideal electrode properties, electrode materials and electrode
manufacturing are discussed. In Section 2.6 apparent degradation of CDI performance is briefly mentioned.
The literature review is concluded with modelling electrosorption.

2.1. Process of Capacitive Deionization
In CDI processes an electric field is used to separate ions from the solution. The electric field is generated by
an electrostatic potential difference between two oppositely charged electrodes, inducing an electrochemi-
cal potential gradient that drives the ions towards the electrodes [2, 4, 30, 53, 58]. Cations are driven towards
the cathode and the anions towards the anode. One electrode is charged positively, thus adsorbing anions,
and one electrode is charged negatively, thus adsorbing cations. The electric charge and the adsorbed ions
together form the EDL. In time, the EDL grows, adsorbing more and more ions until the electrodes become
saturated. The saturated electrodes can be regenerated by removing the applied potential. Regeneration of
the electrodes is the release of adsorbed ions such that a new adsorption phase can follow. During regener-
ation it is possible to exploit the capacitor-like features of the CDI system, and so recover a large part of the
invested energy.

There are three fundamental mechanisms for compensating electric charge: co-ion expulsion, ion swap-
ping and counterion adsorption, see Figure 2.1. Upon increasing electric charge in the electrode can be
compensated by co-ion expulsion, ions of the same charge as the electrode are repelled from the electrode
surface. Co-ion expulsion can also be accompanied by the adsorption of a counterion, this is then called ion-
swapping. As soon as all co-ions are removed from the surface the process of counterion adsorption starts.
Here, all increased electrode charge is compensated by the adsorption of counterions. It is the mechanism of
counterion adsorption that is sought after in CDI operation [58].

The electric charge in the electrode can be introduced via constant current or constant voltage operation,
respectively keeping the applied potential or current constant. It has been shown that the advantage in energy
or kinetic efficiency of one charging mode over that of the other is relatively small in most situations [62]. The
benefit of constant current over constant voltage is that a steady effluent concentration can be maintained
and a minimal over potential is realized, minimizing Faradaic reaction losses. Constant voltage provides the
fastest kinetics in CDI operation.
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Figure 2.1: The evolution of electric charge compensation upon increasing electrode charge, where two subsequent ion swapping events
(ii) and (iii) are followed by counterion adsorption (iv). Adopted from Suss et al. [58]

Electrosorption enables salt removal at low pressures and room temperatures, with the primary input
being a small cell voltage and an electric current whose magnitude is dependent on the system size. Operating
a CDI unit is thus relatively easy. Adsorbing the ions out of the feed directly, instead of treating the total body
of water to desalinate the feed, and the possibility of recovering the invested energy during charging in the
discharging step, make the energy requirement for CDI minimal. The minimal amount of energy input does,
however, make energy losses significant in relation to the thermodynamic efficiency. The thermodynamic
efficiency of current experimental CDI systems is currently very low, around 1% for most existing systems
[25].

Alternating between charge and discharge phases enables batch wise separation. In recent years different
CDI cell architectures have been developed providing unique features and functionality to CDI operation.
Architectures that manifested in the field are flow-by and flow-through CDI, membrane CDI, flow-electrode
CDI and inverted CDI, see Figure 2.2.

Figure 2.2: Overview of manifested CDI architectures, adopted from Suss et al. [58]

2.1.1. Flow-by and Flow-through Capacitive Deionization
The first and most used cell architecture is flow-by CDI (fb-CDI). Here the feed flow is directed between the
electrodes perpendicular to the applied electric field. In flow-through CDI (ft-CDI), on the other hand, the
feed flow is directed parallel with the applied electric field. It was noted that the ft-CDI architecture allows
for faster charging times compared to fb-CDI. Operating in ft-CDI mode also eliminates the need for relative
large spacing between the electrodes, as the spacer does not function as the feed flow channel anymore. Thus,
the spacing between electrodes can be reduced from 200-500 µm to 10 µm [58]. The reduced spacing can
allow for more compact systems with lower ionic resistance and potential faster desalination as the redirected
flow reduced the diffusion time scale governing ion removal from between the electrodes. However, in ft-
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CDI different components, like oxygen for instance, are forced through the electrodes at higher rates than
compared to fb-CDI. This ensures for increased degradation over time.

2.1.2. Membrane Capacitive Deionization
The most used major adaptation of the basic architecture of two electrodes spaced by a separator material oc-
curred with the development of membrane CDI (MCDI). MCDI utilizes ion-exchange membranes positioned
between the electrode and spacer. An anion-exchange membrane (AEM) covers the anode and the cathode is
shielded by a cation-exchange membrane (CEM). The most important benefit of the added membranes is the
increase in charge efficiency [40], which is a parameter we will discuss later. The membranes prevent co-ion
expulsion and ion swapping and so increase the ion capacity in electrode macropores. Another benefit of
MCDI is the possibility to tailor the membranes to be selective for specific ions of the same charge sign, such
that CDI can gain tunability and potentially be more robust with complex multi-ion systems.

2.1.3. Flow-Electrode Capacitive Deionization
The regeneration of the electrodes can be done in two ways, i.e., removing or reversing the applied electric
potential or replacing the electrode as a whole. The latter originated the idea to implement Flow-Electrode
CDI (FCDI). In FCDI the static electrode is replaced by a slurry of electrode material that can be pumped
through the CDI cell, effectively replacing electrode material that has become saturated within the cell [58].
Using this architecture CDI can be continuously operated, as the regeneration of the electrode material can
be completed in a separate system. As the electrode material is continuously replenished it increases the
capacitance available for desalination as compared to static electrodes. This second advantage yields that
FCDI can be used to desalinate higher salinity feeds.

2.1.4. Inverted Capacitive Deionization
Inverted CDI (i-CDI) utilizes electrodes with inherent charge, this permanent charge is manufactured via a
chemical surface treatment. When operating i-CDI the behavior is exactly opposite from normal CDI opera-
tion, during charging of the cell ions are desorbed and the ions are adsorbed during discharging. The main
advantage of i-CDI is the improved lifetime stability of CDI operation [58].

2.2. Modelling Electrosorption
Modelling can offer a deeper understanding of CDI. There have been several simulating studies in this re-
spect with various levels of complexity. As the current project aims on advancing MC-CDI systems the model
should enable the aforementioned charge transport mechanisms in systems with three or more electrodes.

2.2.1. Electical Double Layer Theory
Electrosorption is the process of ion adsorption and charge storage within the EDL. There have been multiple
models developed to model this EDL. The first EDL model was developed by Helmholtz, who stated that
all surface charge was directly charge-compensated by countercharge adsorbed in one dense layer on the
electrode surface. If the Helmholtz model would hold, this would be the ideal situation for CDI operation.
As for every electron transfer, two salt ions would be adsorbed, and the charge efficiency would be unity.
Experiments showed, however, that charge efficiency is never unity and an improved EDL model was needed.

A new model stated that instead of dense layer adsorption, the ions would adsorb in a diffusely distributed
layer close to the surface. This layer is called the Gouy-Chapman layer. Soon after Gouy and Chapman, Stern
would add the charge-less, closest approach layer for the ions, updating the model into the well know Gouy-
Chapman-Stern model (GCS). The EDL according to GCS can be seen in Figure 2.3. The carbon matrix holds
all electric charge and from the surface the potential starts to drop. The stern plane indicates the closest
approach for the ionic charge. This distance is kept by finite ion size and hydration shells. The potential has
dropped already considerably as it crosses this plane. At the stern plane the ion concentration manifests itself
according to the potential profile (φ(x)).

In the GSC model the Debye length λD is a characteristic distance for the ion concentration and electro-
static potential to decay by a factor of e [53]. The Debye lenght for a symmetric monovalent electrolyte is
defined as

λD = 1√
8πλB cs

, (2.1)
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Figure 2.3: Stucture of the EDL according to the Gouy-Chapman-Stern theory for a single planar EDL. Adopted from Porada et al. [53].

where NA is Avogadro’s number,λB is the Bjerrum length and cs is the electrolyte concentation in particles per
volume. The Bjerrum length in water at room temperature is ≈ 0.7 nm and cs can be calculated as 1000M NA ,
with M the molarity. The Bjerrum length is the separation at which the electrostatic interaction between two
elementary charges is comparable in magnitude to the thermal energy scale kT .

As a rule of thumb, it can be considered that the diffuse layer ends after two to three times the Debye
length. For a NaCl solution of 10 mM at 20◦C , the Debye length is approximately 3.1 nm [53]. This indicates
that in the micropores of activated carbon (< 2 nm) the EDLs overlap, the situation of overlapping EDLs is
not taken into account for the GCS model. In this area the modified Donnan model (mD) is applied. The
mD-approach is valid in the limit of strongly overlapped EDLs, and was shown to work well to describe many
data sets for salt adsorption and charge storage in CDI. The math of the mD model is detailed as part of the
2D CDI model in the next section. In short, the pores with a small diameter start to act as a potential well,
which is more effective in capturing ions compared to a simple surface, i.e. the pore volume is utilized rather
than only the surface, see Figure 2.4.

Figure 2.4: Effect of overlapping EDLs on the potential profile. The four sketches show the effect of decreasing distance between two
surfaces. Analogous to the shape and behaviour or the potential profile is the concentration profile. Adopted from Boktor [6].

2.2.2. 2D Porous Electrode Model
The first theoretical study that solves coupled axial and transverse transports was developed by Hemmat-
ifar et al.[24]. Their model considers coupled mass transport, ionic and electronic transport, including an
external, purely resistive parasitic resistance. The model includes three free parameters. The first is a non-
electrostatic adsorption parameter which captures experimentally observed adsorption of salt in the absence
of external voltage. The second is a lumped parameter which captures volumetric ionic charge capacitance
of the electrodes. The third is the micropore porosity, meaning the volume fraction of the pores contributing
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to ion adsorption. Calibration experiments consist of charging discharging steps in order to measure total
absorbed salt and cumulative electric charge, these integral measures can be used to fit the model.

The EDL model used is the mD model, which can be formulated as in Equation 2.2. At chemical equilib-
rium, there is no electrochemical potential gradient between micro- and macropores. Hence, an extended
Boltzmann distribution can be used to relate the micro- and macropore concentration of each species i

cm,i = cM ,i exp

(
−zi

∆φD

VT
+µat t ,i

)
, (2.2)

where cm,i and cM ,i are concentration of species i, m for micro and M for macro. zi is the species va-
lence. VT = kT /e is the thermal voltage with k and T and e being the Boltzmann constant, temperature
and the elementary charge. φD is the Donnan (or equilibrium) potential, and parameter µat t ,i = (µM ,at t ,i −
µm,at t ,i )/kT accounts for a nonelectrostatic adsorption potential of ions into micropores. Positive µat t ,i may
be described as a macro- to micropore chemical potential difference normalized by kT energy, and is one of
the free parameters within the model.

Next, volumetric charge density stored in the micropores 2qm and micropore potential drop ∆φm can be
related to micropore capacitance as

2qmF =−Cm∆φm , (2.3)

where F is the Faraday constant (96485 C/mol). Cm is defined as the effective volume specific capacitance
of micropores. Cm can be interpreted as the total charge capacitance per unit volume of micropores and in-
cludes all EDL structures including stern layers and/or overlapped diffuse charge layers. This is the second
free parameter. Equations 2.2 and 2.3 describe the EDL model used, in this model finite ion size, surface con-
dition and Faradaic reactions are neglected. Here, ∆φm is the potential drop between the electrode surface
and the center of the micropore.

Figure 2.5: (a) Schematic of elements of the 2D adsorption-desorption and flow model for an flow-by CDI cell. Two porous carbon
electrodes of thickness Le are sandwiched between two current collectors. Electrodes are separated by a distance Ls to provide space for
flow of water. Contact resistances are lumped into a purely resistive element Rc . (b) Schematic of computational domain and boundary
and interface conditions in nondimensional form. The dash-dot-dash line denotes the geometric symmetry line. The computational
domain includes inlet and outlet regions for the flow of length L/8. Adopted from Hemmatifar et al. [24].

To complete the 2D porous electrode model the transport equations are formulated on a volume average
basis. The schematic of the 2D flow-by CDI cell is shown in Figure 2.5, alongside with the boundary and in-
terface conditions in nondimensional form. The cell consists of two porous carbon electrodes sandwiched
between two current collector plates. The feed water flows in the gap between the electrodes. The gap thick-
ness Ls is much smaller than the electrode width, this allows us to approximate the flow within the gap as
Poiseuille-like. It is assumed that the gap and the electrodes are completely filled with water. The general
form of mass transport without reaction for species i is

∂ci

∂t
+∇• ji = 0, (2.4)
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where ci is the concentration of species i and ji its associated molar flux vector. This flux includes advection,
electromigration and diffusion contributions as

ji = ci u − zi Di

VT
ci∇φ−Di∇φ, (2.5)

where u is the bulk velocity vector, Di is the diffusion coefficient of species i , and φ is the local potential.
Within the gap Poiseuille flow is assumed, further assumptions are dilute, binary, symmetric, and univa-
lent electrolyte and thus equal diffusion coefficients. In the pore structure of the electrode, ion transport in
macropores is

∂

∂t

(
pM cM ,i +pmcm,i

)
+∇•

[
cM ,i u sup −pM De,i

(
∇cM ,i + zi

VT
cM ,i∇φ

)]
= 0, (2.6)

where pm and pM are the porosity of micro- and macropores related to total electrode porosity p as pm+pM =
p, De,i is the diffusion coefficient within the electrode for species i . In the macropores electroneutrality holds,
in the micropores the difference between co- and counter-ion concentrations is balanced by electrode charge

density. For simplicity it is assumed that the ratio of
De,i
Di

= 0.5. In the macropores u sup = 0, as bulk (advec-
tive) flow is not important here. Furthermore electroosmotic flow is neglected, because the electrode as a
whole is a constant-potential surface. With these assumptions, the governing equations for salt and charge
balance, derived from Equation 2.6 by adding and subtracting equations for i =±1 can be described as

∂c

∂t
= De∇2c − pm

p −pm

∂wm

∂t
(2.7)

∇• (c∇φ) = pm

p −pm

VT

De

∂qm

∂t
, (2.8)

where 2wm = c+m +c−m is the volumetric ions concentration and 2qm = c+m −c−m is the charge density in micro-
pores.

Cation expulsion in the micropores of positive electrode leads to an electric potential mismatch between
macro- and micropores. This potential difference is know as the Donnan potential φD . The potential differ-
ence between electrode matrix and pore solution is related to micropore potential drop ∆φm and Donnan
potential as

φe −φ=∆φm +∆φD , (2.9)

where φe is the time varying but spatially uniform potential of the upper electrode. Due to symmetry, the
other electrode has potential −φe , as such the cell voltage can be written as Vcell = 2φe .

The model includes inlet and outlet domains sufficiently far from the electrode edges. The concentration
at the inlet is set uniform and zero gradient is set at the outlet. At both the inlet and outlet zero electric po-
tential is assumed. Other boundary and interface conditions are zero mass and current flux across side walls
of the inlet and outlet and across the outer boundaries of the electrodes, advective boundary condition for
concentration at the outlet, continuity of concentration and potential as well as salt flux and electric current
at the electrode solution interface. The interface conditions for salt flux and electric current at the solution
side are multiplied by pM to correct for the effect of macropore porosity. Furthermore, the assumptions of
a binary, symmetric electrolyte allows us to use a symmetry boundary condition for spatiotemporal concen-
tration fields and an anti-symmetry boundary condition for potential.

Next, the desalination system is coupled to an external electrical power source through a contact resis-
tance

Vcell =Vext −Riext, (2.10)

where R is the electrical resistance and iext is the external current.
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To close the system of equations, a relation between iext and the flow of ions need to be established.
Macropore ionic current i = F z( j+ − j− ), after correcting for porosities, can be related to micropore charge
flux as pM∇ • i = −2pmF (∂qm/∂t ). External current Iext can thus be found, equivalently, by integrating
micropore charge flux over the entire electrode volume (Equation 2.11) or ionic current passing through the
electrode-solution interface as

Iext =
Ï

2pmF (∂qm/∂t )W d xd y (2.11)

=
∫

(2pM F De /VT )(c∂φ/∂y)d x. (2.12)

From the Equations 2.5, 2.7 and 2.8 three fundamental time scales associated with the fb-CDI cell can be
identified. The first time scale is the diffusion time of ions across the electrode, L2

e /De . The second is the
resistive-capacitive time scale associated with micropore charging. This RC time scale helps interpret the
time evolution of charge and salt adsorption within the electrode. It is possible to write the RC time scale as
pm/pM normalized by the diffusion time scale. The third timescale is the ratio between the feed water flow
and the diffusion time across the electrode. This compares the axial advection to the transverse diffusion.
The advection time scale is usually written as αe Pee , where αe = Le /L and Pee =U Le /De . These time scales
will help us to interpret our data in the following chapters.

2.3. Electrode Materials and Manufacturing
This section lists the ideal electrode properties that have been identified from the analysis of performance
parameters and performance indicators as well as the parameters affecting CDI operation. As carbon-based
electrodes include many of these properties multiple carbon-based electrodes are listed in Table 2.1. Within
the table the SAC values reached can be read accompanied by 3 separation conditions. Later this section,
activated carbon powder electrodes are highlighted and the manufacturing process explored.

2.3.1. Ideal Electrode Properties
Studies into ideal properties for CDI electrodes showed that high surface area and electrical conductivity are
most important [30]. Carbon materials are know to be able to attain high SSA and porous structures, which
ensures plenty of available space for electrosorption. The microscopic structure of activated carbon also com-
monly contains a broad distribution of pore sizes, allowing for effectual electrosorption. Moreover, carbon
electrodes have low electrical contact resistance, appropriate wetting behavior, low cost, good process-ability,
desirable bio-inertness and chemical stability [2]. All of these properties of carbon material in its many forms
made carbon electrodes to be most used in CDI cells. The various forms of carbon used are: activated car-
bon powder (ACP), activated carbon cloth (ACC), carbon aerogel, carbon nanotubes (CNT), carbide derived
carbons and graphene [3, 15, 21, 26, 27, 29, 39, 73]. Metal oxides and carbon composites are used due to their
enhanced electrochemical performance [12, 23]. CNT have become a material of special interest in many
applications including CDI, however, CNT have been proven to drive carcinogenics and thus working with
CNT should be approached carefully [13, 50].

2.3.2. Activated Carbon Powder Electrodes
Activated carbon refers to a wide range of carbonised materials with a high degree of porosity and high surface
area. Activated carbon has many applications in industry and outside of industry utilizing their adsorption
ability for the removal, retrieval, separation and modification of various compounds in both liquid and gas
phase [23]. The production of activated carbon around the world is estimated to be around 100,000 tonnes,
common sources of activated carbon are wood, charcoal, lignite, peat shells and coconut. Activated carbon
powder is considered to be one of the most cost-effective materials used for CDI electrodes as it is available
in bulk and inexpensive. Electrode cost estimated for ACP electrodes is around 0.89 $/m2, compared to 2.97
$/m2 for ACF and 450.01 $/m2 for CNT [10]. The BET SSA of ACP can range up to 3000 m2/g [18]. To manu-
facture ACP into an CDI electrode the powder commonly is mixed with a polymeric binder and coated onto
a current collector. Furthermore, to lower the material resistance of the ACP coating, a conductive additive
(CA) can be added, such as carbon black (CB) [14].

Binders are primarily used to provide mechanical strength to the electrode, different binders are used
as the electrode properties are affected by the binder. Polymeric binders used are polytetrafluoroethylene
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Table 2.1: Compilation of desalination performance of electrode materials for CDI. Compiled from sources; [30],[34] and [52].

Electrode Material SSA (m2/g) Feed Salinity Applied Voltage (V) mSAC (mg/g) Ref.
ACP 968 51.2µ S/cm 1.2 0.25 [73]

968 50.0µ S/cm 1.2 0.27 [72]
984 117µ S/cm (0.002 M) 1.2 2.6 [26]
1260 200 mg/L 1.5 - [15]
1153 100 mg/L 1.2 6.10 [11]
" 200 mg/L " 8.00 "
" 500 mg/L " 9.72 "
" 1000 mg/L " 10.8 "
" 1500 mg/L " 11.0 "
" 2000 mg/L " 11.76 "
630 10 mM 1.2 4.1 [34]
1095 " " 6.2 "
1705 " " 7.0 "
2266 " " 13.6 "
1707 290 mg/L 1.2 7.7 [52]
1450 " " 9.1 "

CWZ-22 - " " 5.3 "
Mast Carbon S-TE3 - " " 7.6 "
Mast Carbon S-TE11 - " " 8.5 "
ACC 1500 550 mg/L 1.1 10 [7]

1980 5.85 mg/L 1 1.75 [54]
ACC/titania 1890 " " 4.68 "
ACF 670 4000 mg/L 1.2 8.9 [28]
Carbon Aerogel 602 140 mg/L 1.2 4.51 [67]

610 50 mg/L 1.5 2.81 [31]
1500 2900 mg/L 1.25 9.6 [59]

OMC 844 51.2µ S/cm 1.2 0.68 [72]
OM SiC-CDC 2720 290 mg/L 1.2 12.8 [52]
CNT 153 1500µ S/cm 1.2 4.76 [63]
CNT/Graphene Aerogels 435 35000 mg/L 1.6 633.3 [57]
MWCNT 964 0.001 M 1.2 13.07 [27]
Polypyrrole/graphite 0.1407 1000 mg/L 1.4 78.73 [42]
WCF 839 100 mg/L 1.2 5.7 [41]
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(PTFE), polyvinylidenefluoride (PVDF), polyvinylalocohol (PVA) and sulfosuccinic-acid [38, 69, 71]. PTFE-
and PVDF-bonded electrodes can provide high mechanical strength, yet, capacitance of the electrode is re-
duced with the increase of binder content, presumably as a result of blocking of the micropores by the poly-
mers [26]. PVA- and sulfosuccinic-bonded electrodes have stronger hydrophilicity and capacitive deioniza-
tion performance, but less mechanical strength and thermal stability. A combination of PVA and sulfosuccinic-
acid can improve desalination efficiency as this binder mixture can function as a cation exchange membrane.
Anion and cation membranes help increase the charge efficiency during operation, as co-ion expulsion and
ion swapping is restricted. Also PVDF has received much interest as it performs very well regarding mechan-
ical strength, thermal stability and chemical resistance. PVDF-bonded electrodes can reach a capacitance of
around 74.4-80.3 F /g , which is higher than those reached by PTFE-bonded electrodes 68.0-72.3 F /g . PVDF
can also suppress the Faradaic reactions on the carbon surface [69]. Faradaic reaction remain to be discussed
in Section 2.6.1.

2.3.3. Activated Carbon Powder Electrode Manufacturing
Electrodes are produced by coating ACP onto a current collector. The current collector is of high electrical
conductivity and ensures all of the applied coating is taken into electrosorption functioning. Current col-
lectors are frequently made from titanium or graphite foil as these materials provide the aforementioned
requirements, while being resistant to oxidation or other surface reactions. A coating or slurry consisting of
the ACP, CA and binder are mixed together in a suitable solvent and common methods for coating include
roll coating, spray coating, evaporative casting and doctor blade casting, see Figure 2.6.

Figure 2.6: Four common methods for coating electrodes.

Roll coating utilizes two rollers that pull and compress the coating onto the current collector in order
to form electrodes with uniform thickness. In spray coating the slurry is blown through a nozzle onto the
current collector. In evaporative casting, a certain amount of slurry is casted onto the current collector and
the solvent is allowed to evaporate. Docter blade casting coates the slurry onto the current collector at a
specified wet coating thickness, usually around 300 µm [37]. The coating is then allowed to dry. The drying
process can be accelerated by drying in vacuum or at increased temperature. A fast drying process is favorable
as it increases the adhesion of the coating onto the current collector due to preventing in-homogeneity in
binder distribution along the thickness of the electrode.

The choice of manufacturing affects the performance of the electrode. Roll coating and spray coating
result in denser electrodes compared to evaporative casting [43]. The electrodes Lu manufactured using a
modified evaporative casting method resulted in loose structure containing many cracks on the electrode
surface, which reduce surface stresses, improved durability and increased electrode surface area and wetta-
bility.

Besides its application, also the preparation of the coating material should be optimized for optimal prop-
erties. Proper mixing should be in place to yield the favorable electrode morphology. The ideal morphology
can be seen in Figure 2.7. Commercially-available ACP typically consists of 2-10 µm. These particles, how-
ever, stick together in aggregates. In the aggregates the particles are relatively strongly bonded together. Next
to primary aggregate formation, the aggregates themselves bond together to from an agglomerate. Agglom-
erate and aggregate formation is present in both ACP and CA powders. To obtain the preferred properties for
the coating these agglomerates need to be broken down into aggregates and the aggregates need to be broken
down into individual particles. There are different options one can utilize: a hydrodynamic mixer, kneader,
stirred ball mill, 3 roller mill or ultrasonic mixing.
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Figure 2.7: Schematics of the idealized activated carbon powder electrode, adopted and modified from Kraytsberg [37]. The ACP and CA
are displayed as individual particles or small aggregates. The CA chains preferably around the ACP to form electron pathways lowering
the electrical resistance of the coating. The ACP particles enclosed by CA are tied together by the binder. The interconnected particles
are attached to the current collector and space is present between the interconnected chains to allow for ion transport.

Hydrodynamic shear mixing is controlled by flow shear rate, cluster cross-sectional are and the dynamic
viscosity of the slurry. Cluster breakup takes place in the form of erosion, rupture and shattering. In a stirred
ball mill the same processes take place except the intensified by the addition of small hardened balls. Stirred
ball mixing results in a finely intermixed slurry, however, the ACP and CA particles morphology can be com-
promised [37]. This method is therefore not recommended as the particular morphology is suggested to be
essential for electrode performance. Ultrasonic mixing has a mixing action at the micro-scale controlled by
transient acoustic cavitation, yet it also initiates mixing on the macroscale due to bubbles forming around
the sonic probe axis. Macroscale mixing is started as the concentration of bubbles formed decreases outward
from the sonic probe axis. The bubbles diffuse towards areas with low bubble concentration, here the flow
can be as high as 2 m/s [19]. This flow is often sufficient for smaller fluid volumes. The relatively low ultra-
sound frequencies, down to 20 kHz, are advantageous for slurry preparation. It must be mentioned that this
method is in opening stages of development and therefore accurate comparison between other mixing meth-
ods is not available, generally ultrasonic mixing provides similar mixing quality as the hydro-dynamic-based
mixing at substantially lower energy input conditions.

Figure 2.8: Schematics of the most common dispersing equipment: A) the most often employed hydrodynamic shear-based mixers, B)
kneaders and C) stirred ball mills, D) 3-roller mills, E) ultrasonic homogenizers. Adopted and modified from Kraytsberg [37].

Next to the mixing method the sequence of steps taken to prepare the coating can be tailored as well to
obtain more preferable results. Dispersing the ACP and CA in solvent separately form dispersing the binder
in solvent and adding them together later resulted in a substantial more rigid electrode, the Youngs-modulus
of the electrode turned out three times as high [70]. It is suggested that in case the binder is dispersed first the
more viscous solvent could not penetrate properly into the ACP clusters and spread over all the ACP surface
as the ACP was later added [37].
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There is also an option to post-process activated carbon electrodes to increase their performance. Acti-
vated carbon electrodes can be immersed in potassium hydroxide (KOH) solution to improve the electrosorp-
tion capacity. Activation of carbon via KOH is a chemical way to activate carbon [23]. Treating the electrodes
in 1 M KOH solution for 24 hours increases the capacity with 5.2% as compared to untreated electrodes [1, 26].
Furthermore metal oxide modification and surface coating can be applied to improve desalination perfor-
mance [12, 40].

2.3.4. Crack Formation in Colloidal Films
In Section 2.3.3, it was mentioned that as the coating dries cracks can form. Crack formation is a heavenly
studied field of research, with applications in the paint, coating and ceramics industries. Cracks often re-
sult of residual stress release from colloidal films made by the evaporation of colloidal droplets containing
nano particles, see Figure 2.9. Cracks greatly increase the electrical resistance of the electrode made and
thus should be prevented. There are sources that state that the presence of cracks could be beneficial for
CDI operation as it opens up the electrode surface to the electrolyte , however, this can only be the case as
there is a well conducting current collector incorporated in the electrode to accommodate the electron path-
way largely [43]. Capillary pressures created by liquid menisci between colloidal carbon are responsible for
cracking. Capillary pressures generate tensile stresses normal to the colloidal film. The critical cracking thick-
ness (CCT) is determined by the maximum capillary pressure beyond which the liquid menisci recede into
the porous colloidal film. The CCT is proportional to particle radius (r ) and particle shear modulus (G) via
hmax ∝ r 3/2G1/2. Moreover, it is dependent on particle volume fraction. Cracks are observed to be thicker
with wider spacing form each other at higher particle volume fractions. To reduce crack formation a polymer
binder can be added to provide gelation-driven crack prevention [33].

Figure 2.9: Carbon coated electrode surface appearance from a cracked electrode (left) next to a successfully coated electrode (right).

2.4. Performance Metrics
Given the broad range of CDI architectures, it is imperative to find out how CDI performance is measured.
As the research field of CDI is growing, guidelines are established for evaluating, reporting and comparing
device performance. Much research into CDI is focused on materials and methods to improve the efficiency
and desalination capacity of the system, but many published studies are not easily comparable to one an-
other. This is because either critical performance parameters are not reported, or the desalination conditions
are substantially different. In other desalination methods, such as RO and ED, energy consumption per vol-
ume and volume throughput are commonly identified and reported. To be able to compare CDI performance
to these metrics the water recovery, feed salinity, and total concentration reduction would have to be equal.
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For example, energy consumption per volume and volume throughput are heavily dependent on the sepa-
ration conditions. Extrapolating desalination performance from one condition to another set of conditions
can not be straightforwardly done. In the absence of a framework for reporting deionization performance
the field of CDI turned to a number of different metrics to compare desalination performance. Commonly
used metrics are: the salt adsorption capacity (SAC, mg/g of electrodes), average salt adsorption rate (ASAR,
in mg/min/cm2), energy consumption per mole of salt removed (kJ/mol), energy normalized adsorbed salt
(ENAS, µmol/J), and specific energy consumption (SEC−1, mg/J). All these metrics are insightful for CDI pro-
cesses, however, a minimal-necessary set of metrics should allow for better comparison between future stud-
ies. The following framework for comparing deionization performance is proposed by Hawks et al. [22]. This
framework rank orders performance metrics in primary performance metrics, secondary performance met-
rics and performance indicators. The synopsis of the framework can be seen in Figure 2.10, displaying the
most valuable desalination performance metrics and important separation conditions.

Figure 2.10: A pictogram illustrating how to objectively compare deionization performance. First, the separation conditions must be de-
fined (water recovery, feed concentration, and concentration reduction), and then the desalination performance (energy consumption,
throughput) can be compared. Adopted from Hawks et al. [22].

2.4.1. Primary Performance Metrics
For evaluating the economically relevant desalination performance of CDI the primary performance metrics
are volumetric energy consumption (Ev , in W h/m3) and throughput or productivity (P , in L/h/m2). In order
for these metrics to be viable the target separation must be defined. The target separation includes: the feed
salt concentration (cfeed), the concentration reduction (〈∆c〉) and the water recovery (WR).

Water recovery measures the fraction of diluted water gained that, has a lower salinity relative to the feed
stream. Water recovery (WR) is defined as

W R = Vd

Vd +Vc
, (2.13)

where Q is the volumetric flow rate through the cell, Vd is the volume of desalinated water (diluate) that, when
mixed, has a lower salinity relative to the feed stream, Vc is the volume of concentrate that, when mixed, is
enriched in salt relative to the feed stream. Vc and Vd are calculated as

Vd =
∫
∆td

Q d t ; (2.14)

Vc =
∫
∆tc

Q d t , (2.15)

where ∆td is the time interval in which the desalinated water is collected and ∆tc is the time in which the
concentrate stream is collected.
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Concentration reduction measures the difference between the feed concentration and the concentration
of dilute water,

〈∆c〉 = ∆Nd

Vd
, (2.16)

where ∆Nd is the salt removed over one cycle relative to the feed stream as measured from the desalinated
water (mol). Similarly, ∆Nc is the amount of salt added to the concentrate stream in one cycle,

∆Nd =
∫
∆td

Q(cfeed − cout(t )) d t ; (2.17)

∆Nc =
∫
∆tc

Q(cout(t )− cfeed) d t , (2.18)

where ∆Nc is the salt added to the concentrate stream over one cycle as measured by the effluent (mol), cout

is the effluent salt concentration (mM) and 〈∆c〉 is the average concentration reduction (mM).

The net volumetric energy consumption is the amount of energy supplied to the system, minus the
amount of energy recovered from the system, per volume dilute water, e.g.,

Ev = Ein −ηEout

Vd
, (2.19)

where Ein is the energy input during the dynamic steady state (DSS) cycle (J), Eout is the total recoverable
energy from the cell over DSS cycle (J) and η is the fraction of Eout actually recovered and reused to power
another charging phase. The energy input and output are

Ein =
∫

∆tcycle

IU d t where IU > 0; (2.20)

Eout =
∫

∆tcycle

IU d t where IU < 0, (2.21)

where IU is the current-voltage product for a single electrode pair (W), ∆tcycle is the total dynamic steady
state cycle time (s).

The productivity of a CDI system describes the volume of dilute water produced per unit time and elec-
trode area. Productivity of the CDI system is defined as

P = Vd

n A∆tcycle
, (2.22)

where n is the number of electrode pairs in the CDI stack, A is the projected face area (cm2) of one cell.

2.4.2. Secondary Performance Metrics
Secondary performance metrics give more detailed information of the CDI system in question and can be
used for comparing CDI systems to each other in more detail. These metrics can be used to compare CDI
performance versus CDI performance. The secondary performance metrics are molar energy consumption,
average salt adsorption rate and energy normalized adsorbed salt.

Molar energy consumption details the amount of energy used per mole salt removed, and is described as

Emol ar =
Ein −ηEout

∆Nd
. (2.23)

The average salt adsorption rate is used to describe the rate of salt removed over time, and is described as

AS AR = ∆Nd

n A∆tcycle
. (2.24)
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Energy normalized adsorbed salt is a metric that details the amount of energy used per amount of salt
adsorbed, and is described as

E N AS = ∆Nd

Ein −ηEout
. (2.25)

2.4.3. Performance Metric Relationships
Productivity is the metric for describing how much dilute water is produced in a certain amount of time and
using a certain amount of electrode surface. From Eq. 2.22 and 2.24 one observes that the two are related like,

P = AS AR

〈∆c〉 . (2.26)

The volumetric energy (Ev ) can be derived from ENAS and 〈∆c〉. In the case of low ENAS a higher level of
energy is required per volume water desalinated, as can be seen from the relation

Ev = 〈∆c〉
E N AS

. (2.27)

A similar logical relation is found between molar energy and volumetric energy consumption. The molar
energy consumption can also be defined as

Emol ar =
Ev

〈∆c〉 . (2.28)

The energy used per time and electrode area can be determined by multiplying productivity with volu-
metric energy consumption, dividing ASAR with ENAS supplies the same result

PEv = AS AR

E N AS
. (2.29)

2.4.4. Performance Indicators
The performance indicators are highly useful for understanding cell performance and material limitations,
but are not performance metrics themselves. These parameters combined with the reported operational per-
formance metrics above can help better understand which materials, cell architectures, and operation modes
are suitable for CDI. If the primary goal of the study is to evaluate a novel electrode material, then such extra
characterization is especially critical. Performance indicators are salt adsorption capacity, capacitance, point
of zero charge (EPZC), charge efficiency, coulombic efficiency and series resistance, as discussed below.

The SAC value details the amount of salt adsorbed in grams salt per grams electrode material. The mSAC
value is the maximum amount of salt adsorbed in the electrode at a certain constant voltage. The mSAC
value is usually measured at U = 1.2V (with the discharge voltage typically set to zero), a salinity of 20 mM
and using synthetic NaCl so that experiments can be compared between different studies [58]. SAC is defined
as

S AC = Mw

m
∆Nd , (2.30)

where Mw is the molar mass of the salt, m is the total mass of the electrodes in the cell.

The electrical capacitance in response to an applied electrostatic potential is an important factor that un-
derlies SAC. Capacitance indicates the ability of a system to store an electric charge. As the amount of excess
electric charge needs to be compensated by an excess of ionic charge of the opposite sign, the capacitance
data can be used to predict SAC values [35, 55]. Electrical capacitance can be calculated within the capacitive
functioning area like

C = I
(dU

d t

)−1
, (2.31)

where U is the cell voltage (V), I is the current (A) and C is the capacitance (F). The predicted salt adsorption
capacity (SACp ) can be determined using
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S ACp = 1000CU Mw

4F
, (2.32)

where S ACp is in units (mg/g), C (F/g) is the specific capacitance of a single electrode measured using gal-
vanostatic charge/discharge tests, and Mw is the molecular weight of the ion in the feed solution (NaCl, 58.433
g/mol). Using Eq. 2.32 results in predicted SAC values that are shown to overestimate the actual adsorption
capacity. For capacitance data acquired using 0.01 M NaCl the actual result will be within the range after fac-
toring with 0.6 - 0.8. For capacitance data acquired using 1 M NaCl the actual result will be within the range
after factoring 0.5 - 0.6. 60 - 80% and 50 - 60% of the charge capacity evaluated from capacitance were utilized
in deionization.

The EP ZC is defined as the electric potential (w.r.t to the standard hydrogen electrode potential) at which
the electrode surface has no excess charge. The EP ZC is relevant for CDI as electrosorption of counter-ions
is accompanied by desorption of co-ions (co-ion expulsion), what can be considered as a parasitic capacitive
process that reduces the charge efficiency of CDI. The EP ZC can be modified by chemical surface treatments,
optimal efficiency is reached as EP ZC is the same as E0 the shorting potential [2, 5]. If E0 coincides with the
EP ZC the electrode has no excess of adsorbed cations or anions before the electrosorption process begins
and the largest capacity is available during CDI operation with symmetrical electrodes. The most common
approach to measure the latter parameter is to determine the minimum of the differential capacity predicted
by the Gouy-Chapman theory.

Charge efficiency depicts how well the electronic charge binds ionic charge within the electrode. Due
to co-ion expulsion and ion swapping, charge efficiency is never 100%. A high charge efficiency boosts the
desalination capacitiy as there is limited amount of co-ion expulsion and ion swapping taking place [28].
Coulombic efficiency relates the charge supplied to the system during charging to the charge released from
the system during discharging. Differences between these values arise due to leakage currents or Faradaic
reactions, as discussed below. Charge efficiency and Coulombic efficiency are defined as

Λcycle =
F∆Nd

qin
; (2.33)

ηcoul =
qout

qin
, (2.34)

where qin is the charge transferred at positive current, qout is the charge transferred at negative current. The
charge in and the charge out are described as

qin =
∫

∆tcycle

I d t when I > 0; (2.35)

qout =
∫

∆tcycle

I d t when I < 0. (2.36)

The series resistance (Rs ) can be used to calculate Joule heating within the CDI cell. Rs is the total of the
external electronic resistance (REER ) plus the separator resistance (Rsp ). Rsp is an ionic resistance that can
be calculated as

Rsp = lspτsp

Aκpsp
, (2.37)

where lsp is the separator thickness (µm), τsp is the separator tortuosity, κ is the electrolyte conductiv-
ity in the separator (mS/cm) and psp is the separator porosity.

Note that besides Joule heating, energy loss can also occur via Faradaic reactions, which is not included in
this equation. Faradaic redox reactions are chemical reactions that are undesired in CDI operation. These
reactions will be discussed in Section 2.6.1.
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2.5. Parameters Affecting CDI Performance
The different CDI architectures and the means to rank order the performance of these different architectures
are now established. To add to the understanding for CDI functionality the relevant parameters affecting CDI
performance are discussed in this section. Many factors influence the performance of CDI, yet the perfor-
mance of the electrode material is paramount. Parameters such as surface area, pore size, pore distribution,
applied electrical potential, concentration, type of ions, electrode resistance, electrode thickness and specific
capacitance, all affect electrosorption.

2.5.1. Specific Surface Area
The specific surface area (SSA) quantifies the space for ions to be adsorbed onto the electrode surface. Thus,
good SSA is essential for obtaining higher specific capacitance. SSA is frequently determined using Brunauer-
Emmett-Teller (BET) theory [9]. From the simplified Helmholtz EDL model, which we discuss in more detail
in Section 2.2, it is easily noted that large surface area improves CDI performance. This statement is correct
even as the Helmholtz model alone is insufficient to describe the EDL. While it has been demonstrated that
there is no direct relationship between SAC and BET SSA [52], it can be predicted by an additional analysis of
the pore size distribution, considering that differently sized pores exhibit different electrosorption behaviour.

2.5.2. Pore Size and Distribution
Early research into the electrosorption process in porous materials showed that the average pore size had
significant effect on the charging of the double layer. In porous materials the pores can be catagorized in
macropores, mesopores and micropores with pore widths of > 50 nm, 50 > 2 nm and 2 > nm respectively. It
was found that pores with a pore width smaller than 0.6 nm cannot hold any ion [30]. This lower limit is set by
the finite size of the charged ions in water due to a hydration shell, effectively increasing its size, and prevent-
ing them to enter very small pores. As a result, in the micropores > 0.6 nm the highest electrosorption density
can be found. Although the exact value will depend on the ion type. The increase in electrosorption density
relative to the meso- and macropores can be explained by EDL overlapping, modifying adsorption behaviour
[21]. EDL overlapping occurs as the surface where the EDL is formed onto is situated closely to an opposite
surface onto which another same nature EDL is formed. As the EDLs are more and more closely together
they influence each other more and more, increasing and modifying adsorption behaviour. EDL overlapping
is discussed in more detail in Section 2.2. In the mesopores the electrosorption density decreases along with
the resistance to ion transport and the increase in surface area. Thus, even as electrosorption density de-
creased the total amount of adorbed ions is largest in the mesopores. Macrosized pores act as ion-buffering
reservoirs, allowing for shorter ion diffusion distances, facilitating rapid transport of ions from the bulk mate-
rial into the interior. From these findings it is suggested that multi-porous fractal-structured electrodes with
macropores ending in mesopores, and mesopores being the entries of micropores are preferred.

2.5.3. Applied Electrical Potential
Increasing the applied potential difference between the electrodes increases the electrosorption capacity [30].
Higher voltages also cause the EDL to be more compact, with higher applied potentials the EDL is condensed
and the ion removal efficiency significantly improves. The potential that can be applied is limited and should
never exceed 1.23 V, which is the standard potential for unwanted water electrolysis. Most desalination ex-
periments are conducted at 1.2 V for this reason, as well as to be comparable to other studies.

2.5.4. Concentration and Ion Type
The shape of the EDL and thus electrosorption capacity are depended on concentration. Large ion con-
centration result in larger adsorption capacity and thinner EDLs at the same applied potential. Increasing
the concentration, however, causes a decrease in charge efficiency. The mechanism allowing for this drop
is likely the increase in need for ion-expulsion during charging [58]. A larger concentration also lowers the
resistance of the electrolyte and lower resistance of the solution means faster kinetics. Another way for the
concentration to influence the electrosorption process is via modifying the effective size of the ions. Very
large ionic strength results in smaller hydration shells leading to easier transport of ions into the electrode
pores [30], although it is unlikely that CDI experiments will be carried out in this regime.

The larger the valence of the ion the larger the hydrated radius will be, making the ion more resistant to
transport into the electrode and less able to be adsorbed into the smallest pores. Due to the larger charge of
the ion one could expect an easier adsorption behaviour, however, with the presence of the hydrated shell
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this can actually be more of a hindrance.

2.5.5. Electrode Thickness and Symmetry
For symmetrical electrodes, research showed that the highest values for SAC are reached in case the oppo-
site electrodes are of equal mass [51]. Symmetrical electrodes are usually referred to electrodes that adsorb
cations and anions like-wise, assignment of the cathode and anode within the cell can be interchanged (e.g.
by reversing the electrostatic potential). In the situation of mass asymmetry, meaning the mass of the anode
is not equal to the mass of the cathode, it is found that as the asymmetry grows, the mSAC values gradually
decrease, regardless if an excess of mass resides within the cathode or anode. This observation confirms that
the EDL that is formed is independent of sign, and thus the statement of symmetrical electrodes holds. How-
ever, regarding adsorption values of the individual electrode, values increase for the minority electrode. As
the applied electrostatic potential difference is distributed evenly between the two electrodes, the minority
electrode experiences higher charge and salt adsorption densities. Using a thicker electrode is also an easy
way to increase the salt adsorption capacity of the system .

2.6. Degradation and Long-Term Stability
Studies on long-term performance of CDI electrodes have shown a decrease in adsorption capacity compared
to the normal adsorption/desorption cycles. Prolonged standard charge-discharge cycling can even start to
exhibit a completely reverse adsorbance/desorbance. After significant degradation the electrode can start to
release ions as the cell is charging and capture ions as the cell discharges, this is referred to as the ’inversion
effect’. The process behind the degradation of the electrodes can be attributed to the oxidation at the positive
electrode [16]. This degradation is the result of Faradaic reactions taking place during CDI operation.

In idealized CDI electrodes symmetry is often assumed, meaning that the electrodes ion in similar fash-
ion regardless of the sign the electrode is polarized in. As the electrodes polarized their potentials below
the electrolysis potentials of water it is frequently assumed only electrostatic reactions take place. The elec-
trosorption/desorption behavior of such symmetrical cell is shown in Figure 2.11A, the explanation of how to
read Figure 2.11 is shown in Figure 2.12. However, there are situations in which the positive electrodes are not
ideally polarized because a parasitic oxidation process takes place in parallel to the electrostatic interactions.
As a result three electrode properties are affected: the point of zero charge, the electrosorption capacity and
the electrical resistance of the electrode.

The degradation of the positive electrode occurs in a couple stages following each other. First, the surface
of the electrode may be oxidized, causing for a positive shift of the point of zero charge. This shift relocates
the working potential domains, affecting the adsorption capacity, this stage of degradation is show in Figure
2.11B. Figure 2.11B represents the inversion point as this is the shift in point of zero charge for both electrodes
to achieve equal adsorbtion/desorption of both ion types while charging. Now if the cycling continues the
positive shift enlarges and oxidation has a significant affect on the electrode resistance. The increased dif-
ference in electrode resistance redistributes the applied potential unequally, according to Ohm’s law. Figure
2.11C represents this scenario, it clearly shows the difference in working potential domains and it can be seen
that as the positive electrode is charged a significant amount of ions are desorbed while charging while only
a small amount is adsorbed, resulting in the inversion effect.
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Figure 2.11: (A) Illustration of the operation of a symmetric CDI cell whose electrodes are shorted to 0 V upon discharge. (B) The inversion
point – illustration of the operation of unsymmetrical CDI cells, which positive electrodes are oxidized and their EP ZC were positively
shifted. (C) Illustration of the operation of unsymmetrical CDI cells, which positive electrodes are oxidized and have a high resistivity
and a low surface area because of detrimental oxidation processes. The electrode’s EP ZC and the potential of cell shorting, E0, vs. a
virtual reference electrode, are marked therein. A graphical explanation of how to read the Figure 2.11 illustrations is given by Figure
2.12, adopted from Cohen et al.[16]

2.6.1. Faradaic Reactions
The inversion effect shows that alongside electrostatic interactions Faradaic reactions take place. Faradaic re-
actions can have both negative and positive effects. The negative effects as described earlier can be a decrease
in electrode performance, decreased energy efficiency, formation of chemical by-products, pH fluctuations
and shortened electrode lifespan. However, some Faradaic reactions can also contribute to positive effects
[68].

The Faradaic reactions can be split up in 3 types of reactions. Type I are the oxidation reactions that occur
at the anode including carbon electrode oxidation, chloride oxidation, water oxidation and other contami-
nant oxidation reactions such as oxidation of inorganic ions and organic matters. Here the carbon oxidation
reactions causes for the deterioration of CDI performance and the following inversion effect. Type II Faradaic
reactions are the reactions occurring at the cathode. Most common is the oxygen reduction. H2O2 is the
by-product of oxygen reduction that can open up possibility for use in disinfection of the produced water.
Furthermore reduction reactions at the cathode can remove heavy metals by deposition on the electrode.
Type III are reversible Faradaic reactions that provide pseudocapacitive/intercalation effects. A schematic
presentation of the types of Faradaic reactions is shown in Figure 2.13.

The Faradaic reactions potentials are referenced to the Standard Hydrogen Electrode potential (SHE). The
SHE forms the basis that is needed to calculate cell potentials using different electrodes or different concen-
trations, the value of the SHE is set to zero by definition. Using the SHE electrode as a reference electrode in-
volves using hydrogen gas, therefore other stable electrodes are used as reference electrodes like the Ag/AgCl
reference electrode which is much used in practice. Using a reference electrode allows the 1.2 V difference in
electrostatic potential to be more precisely pinpointed as values for the absolute potential of the cathode and
anode each. It should be noted that, in case the 1.2 V differential is not applied (e.g. shortcircuit), that the
electrodes are not at zero absolute potential. However, they return to their intrinsic potential at rest, which is
E0. In case E0 is vastly different from EP ZC , co-ion desorption can become a dominant process in the charging
process.

The standard electrode potential for carbon oxidation is 0.21 V (vs. SHE), that is well within the operat-
ing window of CDI. Thus, during the desalination process the carbon electrode starts to incorporate oxygen
containing groups and potentially being converted to CO2. The direct oxidation processes that occur as the
anode is polarized are shown in Equations 2.38, 2.38 and 2.40. Indirect oxidation can occur as a result of
anodic generation of oxidants such as chlorine and hydroxyl radicals.
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Figure 2.12: Illustration of typical ion adsorption/desorption behavior of symmetric identical electrodes in the CDI cell. Explanation
about how to read Figure 2.11, adapted from Cohen et al. [16].

C+H2O → C = O+2H++2e− (2.38)

C+H2O → C−OH+H++e− (2.39)

C+2H2O → CO2 +4H++4e− E 0 = 0.21 V v s. SHE (2.40)

Anodic oxidations of Cl− and H2O may occur during CDI provided the potentials are sufficiently positive
to drive these reactions. Anodic oxidation of Cl− happens according to three steps, direct oxidation of Cl−

yields Cl2, Cl2 is rapidly hydrolyzed and disproportionates to form hypochlorous acid (HClO). HClO and its
deprotonated form ClO− can be further oxidized to chlorate (ClO−

3 ). Additionally, direct oxidation of Cl− to
ClO−

3 can happen aswell.

Anodic water oxidation can occur as in Equation 2.46 and 2.47. To limit the amount of current leakage
due to water electrolysis, the CDI process is operated at charging voltages below the limit of 1.23 V. An anodic
potential sufficient to start oxidation of Cl− to Cl2 can be used to utilize the disinfection utility of Cl2.

2Cl− → Cl2 +2e− E 0 = 1.36 V v s. SHE (2.41)

Cl2 +H2O → HClO+H++Cl− (2.42)

HClO → H++ClO− (2.43)

6HClO+3H2O → 2ClO−
3 +4Cl−+12Cl−+3/2O2 +6e− E 0 = 0.46 V v s. SHE (2.44)

Cl−+3H2O → ClO−
3 +6H++6e− E 0 = 1.45 V v s. SHE (2.45)

2H2O → O2 +4H++4e− E 0 = 1.23 V v s. SHE (2.46)

H2O → OH−+H++e− E 0 = 2.80 V v s. SHE (2.47)

Dissolved oxygen will be in CDI feed with certainty. As a result, oxygen reduction occur following Equa-
tions 2.48, 2.49 and 2.50. The cathodic reduction of oxygen most likely occurs via the two-electron transfer
pathway.
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Figure 2.13: Schematic presentation of three types of Faradaic processes (anodic oxidation, cathodic reduction and Faradaic ion storage
processes, adopted from Zhang [68].

O2 +2H++2e− → H2O2 E 0 = 0.69 V v s. SHE (2.48)

H2O2 +2H++2e− → 2H2O E 0 = 1.78 V v s. SHE (2.49)

O2 +4H++4e− → 2H2O E 0 = 1.23 V v s. SHE (2.50)

Next to carbon oxidation at the anode, there is also carbon reduction going on at the cathode. Additional
C−H groups are formed as a result. Whether this reaction actually takes place is not supported by evidence,
however it is mentioned in studies [68].

C+H2O+e− = C−H+OH− (2.51)

Next to CDI performance degradation via Faradaic reactions, fouling and scaling can decrease perfor-
mance. Fouling is the build-up of unwanted material on the electrode surface, blocking electrosorption.
Scaling is a type of fouling caused by inorganic compounds, involving crystallization of solid salts, oxides,
and hydroxides from solutions. Organic material is main source for fouling in CDI systems. Fouling results
in a degradation of CDI performance with removal efficiency dropping from 86% to 70% after 30 hours of
operation using 3.1 mg/L total organic content (TOC) in the feed. It was also found that Fe3+ ions caused for
scaling in CDI systems resulting in lower efficiency and flow rate. The problem of fouling can be alleviated by
applying alkaline cleaning while scaling can be moderated by applying acid cleaning [44].
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3.1. Electrode Manufacturing
To develop electrodes that are well suited for MC-CDI operation and scalable to be manufactured on an in-
dustrial scale, the electrodes are build based on activated carbon powder (DARCO®, Sigma-Aldrich) coated
onto a support structure. ACP contains large specific surface area for ion adsorption, can conduct current, is
mechanically and chemically stable and is already cost-efficiently produced in bulk. The conductivity of the
coating is improved by addition of a carbon black (VULCAN XC-72, Cabot Corp.), and the coating is bound
together by the polymeric binder (PVDF, Mw 534,000, Sigma-Aldrich). Before use, this binder is dissolved in
dimethylsulfoxide (DMSO, Fisher Bioreagents). The coating is applied onto four different support structures:
carbon fiber paper (Carbon fiber non-woven, 20 g /m2, h = 0.17 mm, R&G Faserverbundwerkstoffe GmbH),
carbon fiber (Carbon fabric, 160 g /m2, h = 0.26 mm, R&G Faserverbundwerkstoffe GmbH), glass fiber paper
(Glasvlies standaard 35gr, 35 g /m2, h = 0.24 mm, GAMMA) and stainless steel mesh (RVS gaas, 685 g /m2,
h = 0.37 mm, Dutch-Rana). All four support structures can be seen in Figure 3.1.

Glass fiber paper is included as it contains better mechanical stability than the carbon fiber paper, while
inexpensive and in a desirable porous sheet form. The drawback of glass fiber paper as a support structure is
that it is non-conductive. Within this project the viability of incorporating a non-conductive support struc-
ture is investigated. The size of the produced electrodes is larger than what is common in other works (125
mm x 90 mm), so that the scale-ability of the manufacturing process can be addressed.

Figure 3.1: Surface appearance of the support structures used: carbon fiber (1), carbon fiber paper (2), stainless steel mesh (3), glass fiber
paper (4).

27
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Figure 3.2: Flowchart of manufacturing process.

Figure 3.2 details the steps taken in the process of manufacturing the electrodes. The coating method
applied is dip coating. Interestingly, dip coating is not mentioned in the literature as a method for producing
activated carbon electrodes, however, it provides the advantage to coat uniform thickness onto both sides of
the support structure at once and the thickness is easily controlled by dipping multiple times if necessary. As
the electrodes will be tailored for MC-CDI operation, the aim of the production process is to achieve isotropic
salt adsorption behavior. More specifically, we would like the electrodes to behave similar, irrespective of the
side the salt approaches the electrode. Therefore, it is assumed coating both sides simultaneously is preferred.

Each batch of coating is prepared using 30 g of solid components and 320 ml of acetone and DMSO com-
bined. This amount suffices to coating eight supports, which have already been cut in the right shape. To
prepare the coating, the ACP and CA are dispersed in 200 ml acetone and sonicated (Cole-Parmer, Ultrasonic
Processor) for one hour in order to break down any agglomerates and aggregates into individual particles.
Separately, the PVDF is dissolved in 120 ml DMSO and stirred for 24 hours at 80◦C to ensure homogeneity.
Next, the mixtures are combined and stirred for 30 minutes and sonicated for another hour. After these steps
the coating is ready for use and is poured into the coating bath, the support structures can then be submersed
to apply the coating. After the coating has been applied, and left to dry to the air for 15 minutes, the electrodes
are put in the oven to dry for 4 hours at 150◦C to ensure all solvent is evaporated. In between dips, if necessary,
the electrodes are dried in the oven for 30 minutes at 150◦C .

The composition of the coating can differ per batch to deliver different coatings, thus different electrodes.
The coating types used in this project are shown in Table 3.1. The proposed coating composition ratio by
literature is 8:1:1, for ACP:CB:PVDF respectively, this coating is frequently used in fb-CDI. In this project it
is tried to make an electrode with 5% binder, this is the mass percentage for the highest capacitance using
PVDF as binder [71]. Next to these two coatings the 7:1:2 coating is applied to quantify the difference in using
less ACP and more binder in respect to the 8:1:1 electrode. The coatings high in Vulcan XC-72 are investigated
because it is assumed that for MC-CDI operation it is possible that the electrosorption process taking place on
the outer surface of carbon particles can be beneficial for MC-CDI operation. The hypothesis is that the ions
adsorbed onto the outer-surface areas, instead of inside-pore areas, are more easily desorbed into a specific
direction.

Table 3.1: The coating compositions applied. Solid w% indicates the weight % of the component regarding the total solids weight used
in the coating.

Coating Type Solid w% ACP Solid w% VULCAN XC-72 Solid w% PVDF
1 82.5 12.5 5
2 80 10 10
3 70 10 20
4 50 40 10
5 40 40 20
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3.2. Experimental Methods
After manufacturing the electrodes, the performance is evaluated and compared amongst each other and
literature. The electrodes are put in an in-house build CDI cell which is operated using an Arduino mi-
crocontroller that communicates with the pumps, an relay board as well as current-sensing modules. The
electrodes are examined using cyclic voltammetry and salt adsorption measurements (SAM). The CV and
SAM experiments are performed in a two electrode fb-CDI cell in order to best compare the results to liter-
ature and simulations. In addition to these measurements the functionality of the electrodes is displayed in
MC-CDI operation. Moreover, to better characterize the electrodes build, a surface and pore size analyzer
(Micromeritics Inc., TriStar II 3020) is used to obtain pore size distribution and specific surface area via the
Brunauer-Emmett-Teller method.

3.2.1. fb-CDI Cell Design
The configuration of the two electrode fb-CDI cell is shown in Figure 3.3. Two plexiglass plates sandwich
two electrodes together. The electrodes are spaced by the nylon spacer and rubber gasket, allowing for flow
between the electrodes. Between the electrodes and the plexiglass a blind rubber gasket is positioned. Two
titanium strips are sticked onto each blind gasket, functioning as current collectors. Around each electrode a
plastic gasket is put, to accommodate part of the clamping force and preventing squashing of the electrode.
The holes within the gaskets, electrodes and plexiglass allow for in- and outflow. The multitude of inlets and
outlets enables to build a MC-CDI cell, in which the choice of the gasket allows for inflow of the solution at
different levels of the cell. The configuration of the MC-CDI cell is shown next to the fb-CDI cell in Figure 3.3.

Figure 3.3: Exploded view of the fb-CDI cell (left) and the MC-CDI cell (right). Both cells are made from the same components, however
note that the two rubber gaskets used in the MC-CDI cell are not the same. The components are: plexiglass (1), blind rubber gasket (2),
plastic gasket (3), carbon electrode (4), nylon spacer (5), rubber gasket (6) and the titanium current collector (7).
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3.2.2. Electrode Performance Evaluation
The salt adsorption measurements are performed using the setup shown in Figure 3.4, and is displayed as a
flow diagram in Figure 3.5. The setup is operated in a closed loop, circulating the solution (1 liter) through
the setup. The pathway of the solution starts in the storage vessel (1). From the storage vessel the solution is
drawn into the CDI cell (2). The inlet of the cell can be seen at the top of the cell. The outlet is positioned at
the bottom of the cell, therefore cannot be seen in the photo. After the CDI cell the solution is forced through
the micro peristaltic pumps (Bartels mikrotechnik Quad kit, 3& 4), these are positioned behind the Arduino
microcontroller and relay, therefore cannot be seen in the photo. The pumps pump the solution into the
sample point (15). Within the sample point a conductivity sensor is put (Lutron CD-4307 Conductivity Meter,
14), allowing for effluent conductivity measurements. From the sample point the solution trickles back into
the reservoir.

The charging/discharging process and the pumps are controlled by the Arduino microcontroller (6). The
Arduino unit is powered from the net and the electrodes are powered using a power regulator (7). During
the experiments the power supply is set to maintain a constant electrostatic potential difference of 1.2 V. The
Arduino microcontroller operates a relay (8) to allow the electrodes to be charged in both polarities whenever
desired. The current/voltage sensor (INA219,10) is used for current and voltage measurements with data col-
lection in the SD-card (9).

Figure 3.4: Experimental setup for completing salt adsorption measurements. The components are detailed in Figure 3.5.

Testing the salt permeability of the electrodes is completed using the setup in Figure 3.6. Here the MC-
CDI cell using 3 electrodes is fed by two inlets. The sources to these inlets are two reservoirs with different
salt concentrations. Each channel is connected to its own pump, the pump forces the solution through the
cell back to its respective reservoir, circulating the solution. Before the solution enters the reservoir it first
passes through the concentration sample point before it trickles back into the reservoir. This setup is used to
measure the permeability of the electrodes. In this setup the electrodes are also subject to a MC-CDI charging
protocol to demonstrate the MC-CDI functionality of the electrodes.
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Figure 3.5: Flow diagram of the desalination experimental setup

CV measurements are completed with an inhouse-build potentiostat connected to the two electrode fb-
CDI cell. During the CV measurement, one of the electrodes is to be evaluated, this electrode is called the
working electrode. The other electrode within the cell functions as an electron reservoir, this electrode is
the counter electrode. An Ag/AgCl reference electrode is used to pin down the voltage between the electrodes
onto an absolute electrode potential, i.e., the voltage of the working electrode with respect to the standard hy-
drogen electrode. During the CV measurement a repeating triangular voltage ramp is applied to the working
electrode. While the voltage changes in time the resulting current is measured. This current can be plotted
versus the potential difference between the working electrode and reference electrode. The concentration
within the fb-CDI cell during the CV measurements is 1.0 M NaCl to ensure enough ionic charge is present
within the cell to allow for cycling a voltage range of 1.2 V [20]. The large concentration also decreases ohmic
drop within the solution which allows the reference electrode to be positioned outside the fb-CDI cell. Most
favourably, the reference electrode should be positioned closely to the working electrode, this way the ohmic
drop due to ion currents in the water phase is minimized, thereby avoiding polarization of the reference
electrode and hence keeping the applied potential distribution between the working electrode and reference
electrode stable. Increasing the concentration of the solution is a secondary method of decreasing ohmic
drop, allowing to circumvent incorporating the reference electrode within the fb-CDI cell.
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Figure 3.6: Experimental setup for testing electrode permeability in MC-CDI operation. Two different reservoirs are attached to a sepa-
rate flow channel each. Each channel is provided its own pump that circulates the solution through the MC-CDI cell.

3.3. Modelling Electrosorption
The aim of computer simulations is to provide a deeper understanding of the effect of varying electrode prop-
erties, such as ACP content and thickness. The two-dimensional porous electrode model for CDI as formu-
lated by Hemmatifar et al. is utilized [24]. This model includes coupled external electrical networks, charge
conservation, and species conservation in bimodal pore structure electrodes. As a result of using the bi-
modal pore structure the electrode pore volume is split in macropores and micropores. In the micropores,
the modified Donnan (mD) approach is employed to simulate the EDL structure and charge accumulation
at the surface of the electrodes. The mD model allows for a robust treatment of porous electrode volumes,
which include a significant amount of pores with a diameter in the order of, or smaller than, the Debye length
and hence overlapped EDLs. The macropore volume is assumed to dominate ion transport throughout the
porous electrode and electroneutrality is assumed, thus neglecting EDL formation.

The schematic of the 2D flow-by CDI cell is shown in Figure 2.5, alongside with the boundary and in-
terface conditions in nondimensional form. The cell consists of two porous carbon electrodes sandwiched
between two current collector plates. The feed water flows in the gap between the electrodes. The gap thick-
ness Ls is much smaller than the electrode width, this allows us to approximate the flow within the gap as
Poiseuille-like. It is assumed that the gap and the electrodes are completely filled with water. Further as-
sumptions are dilute, binary, symmetric, and univalent electrolyte. The assumptions of a binary, symmetric
electrolyte allows us to use a symmetry boundary condition for spatiotemporal concentration fields and an
anti-symmetry boundary condition for potential.

The model includes inlet and outlet domains sufficiently far from the electrode edges. The concentration
at the inlet is set uniform and zero gradient is set at the outlet. At both the inlet and outlet zero electric po-
tential is assumed. Other boundary and interface conditions are zero mass and current flux across side walls
of the inlet and outlet and across the outer boundaries of the electrodes, advective boundary condition for
concentration at the outlet, continuity of concentration and potential as well as salt flux and electric current
at the electrode solution interface. The interface conditions for salt flux and electric current at the solution
side are multiplied by pM to correct for the effect of macropore porosity. Furthermore, the assumptions of
a binary, symmetric electrolyte allows us to use a symmetry boundary condition for spatiotemporal concen-
tration fields and an anti-symmetry boundary condition for potential.

All simulations are performed in COMSOL Multiphysics. The model is implemented using transport of
diluted species and equation-based modelling interfaces. The model contains three free parameters, a non-
electrostatic adsorption parameter, the volumetric ionic charge capacitance of the electrodes and the micro-
pore porosity. The micropore porosity is the volume fraction of the pores contributing to ion adsorption.
These values are estimated by minimizing the error between experiments and model results. Using the fitted
free parameters a number of parameter studies are completed. In this work values of micropore porosity,
lumped electrical resistance and electrode thickness are varied.
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4.1. Electrode Manufacturing
During this project 60 electrodes have been manufactured, comprising of 19 different types. Types of elec-
trodes are distinguished by manufacturing method, coating composition and support structure. Only six of
these types have been evaluated, the others failed to result in functional electrodes.

The six types of electrodes evaluated by means of cyclic voltammetry and salt adsorption measurements
are indicated as GF811, GF712, GF442, CF811, CF712 and CF442. The first two letters refer to the support
structure used within the electrode, as can be read, only two support structures result in usable electrodes,
i.e., glass fiber paper and carbon fiber. The stainless steel mesh corroded during CDI operation and the car-
bon fiber paper disintegrated as the coating was applied. The number sequence in the electrode type refers to
the ratio of coating composition applied onto the support structure. The first number represents the amount
of activated charcoal, the second number indicates the amount of carbon black (Vulcan XC-72) and the third
number declares the amount of binder used. The number sequence can thus be read as a ratio 8:1:1, 7:1:2
and 4:4:2.

The coating that only contains 5% binder results in a too mechanical unstable electrode and large parts
of the coating exfoliate from the support structure. The coating containing 50 % carbon black results in elec-
trodes with many cracks, as can be seen in Figure 4.2. In order for a electrode to be made using a large amount
of CB, such as Vulcan XC-72, a weight percentage of 20% binder was utilized to provide gelation-driven crack
prevention.

Structures before application of the slurry have a thickness of GF ≈ 0.26 mm and CF ≈ 0.24 mm. Practical
active electrode layer thickness ranges from 40 µm to 300 µm, therefore the coating is applied with the aim to
deliver 0.5 mm thick electrodes. The possibility to dip the electrode multiple times to increase the thickness
is utilized to get to a thickness just over 0.5 mm. In all cases, except for GF442, this was reached with limited
overshoot of approximately 0.06 mm. In the idealized world, GF442 should have been submersed one more
time, unfortunately this did not happen. In retrospect, it would have been possible to submerse the latter
electrodes one more time to approach the desired 0.5 mm. For future experimental studies it is therefore
advisable to leave additional coating for possible use, later in the manufacturing process. Mean electrode
thickness and mean electrode mass data can be seen in Table 4.1. The appearance of the CF712 and GF712
electrode can be seen in Figure 4.1, all other electrodes share similar appearances.

The dip-coated electrodes resulted in uniform crack free smooth electrode surfaces. It was observed that
as the binder content increased the coating became more viscous. More surprisingly, a strong correlation
between the weight fraction of carbon black and the viscosity can be observed. The significant increase in
viscosity becomes most apparent after sonification. It may be speculated that after one hour of sonification
all agglomerates are broken down into aggregates or individual particles. As the mean particle size decreases
during the process the packing density changes. As the effective packing fraction of the loose particles in-
creases when the aggregates brake up, this yields a more viscous suspension overall [49].
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Table 4.1: The six electrodes build for evaluation, the amount of dips into the coating bath, mean thickness h (calculated from 8 separate
measurements) and mean electrode mass m.

Electrode w% ACP w% VULCAN w% PVDF Number of Dips h (mm) m (g)
GF811 80 10 10 4 0.61 2.16
GF712 70 10 20 2 0.55 2.16
GF442 40 40 20 2 0.45 1.72

CF811 80 10 10 4 0.53 2.79
CF712 70 10 20 2 0.54 2.96
CF442 40 40 20 1 0.56 3.16

Figure 4.1: CF712 electrode (left) and GF712 electrode (right). The coating is applied onto the support structures and the electrodes have
been dried for 4 hours at 150◦C . The electrodes are shown to be very smooth and uniform. Manufacturing the holes in the electrodes
show to have caused some minor exfoliation on the carbon fiber electrode.

4.2. BET Surface Analysis
During the BET measurements the sample is supplied with more and more nitrogen gas that it can adsorb,
in steps. Each step the sample is supplied with a calculated amount of N2 after which the pressure within
the sample tube is observed. As the sample adsorbs the N2, the pressure within the sample tube decreases.
From this pressure change the amount of adsorbed N2 is determined and a data point is created. During the
BET measurements, a remarkable difference in time duration of the measurement was observed between the
raw materials and electrode coating. The pressure decreasing process is what determines the measurement
duration. In the case of the raw ACP the duration for the N2 to be adsorbed in the sample was around a stable
four minutes per data point. While comparing electrode material with its raw components, it turns out that
this time is, now and then, approximately twice as large. The hinderance of N2 in entering the pores can
reflect the blockage of pores by the polymer binder.

Table 4.2 shows the BET surface analysis results of the raw activated charcoal and carbon black, together
with four of the six manufactured electrodes. A BET SSA of 930 m2/g is determined for the raw activated
charcoal. This is relatively close to the value of 880 m2/g as published in literature [46]. From this result it
may be confirmed that the supplier provides a reasonable stable product. The surface area of Vulcan XC-72
is 230 m2/g , which is a surface area that can be predominantly attributed to the outer area of all particles. On
the other hand, it could also be confirmed that the carbon black contains a significant fraction of macropores.
Here, the presence of macropores is assumed to be a reflection of the outer-surface area of the individual
particles within agglomerates that is recognized as macropore surface area.

As the raw materials are bound together in the coating it can be seen that the remaining surface area is
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Figure 4.2: Cracked coating film of carbon electrode. Cracks result of residual stress release from colloidal films made by the evaporation
of colloidal droplets containing nano particles. Capillary pressures generate tensile stresses normal to the coating film.

drastically reduced. The BET SSA of the GF811 electrode is determined at 390 m2/g . This significant decrease
can be explained through introduction of a support structure with extremely low surface area per unit mass
as well as the blocking of pore openings by the PVDF-binder.

Upon analyzing the difference between the GF811 and the GF712 electrode, it can be seen that the 10%
decrease in ACP and 10% increase in binder decreases the SSA to 330 m2/g . Similarly, the BET surface is even
further lowered as the coating composition changes to 4:4:2 (180 m2/g ). The BET surface of the CF712 is
lowest of all measured electrodes due to the higher support structure mass density (140 m2/g ). In case the
mass of the support structure is left out of the BET SSA determination it can be seen that the BET surface
areas of the GF712 and the CF712 electrode approach each other much more closely, 410 m2/g to 350 m2/g .

Table 4.2: BET Surface Analysis of the raw carbon powders used and four of the in-house build electrodes, indicating that the activated
carbon used is a typical commercial microporous carbon. The pore volume indicates the volume of pores between 1.7 nm and 300 nm,
micropore volume indicates the amount of volume of pores smaller than 1.7 nm.

Electrode BET SSA, BET SSA, Micropore Pore
full electrode (m2/g ) coating (m2/g ) Volume (cm3/g ) Volume (cm3/g )

Activated Charcoal 930 - 0.29 0.48
Vulcan XC-72 230 - 0.04 0.41

GF811 390 480 0.11 0.28
GF712 330 410 0.10 0.23
GF442 180 240 0.05 0.19
CF712 140 350 0.04 0.11

Figure 4.3a shows the cumulative pore volume of pores from 1.7 nm to 100 nm. On the other hand, Figure
4.3b shows the gradient of the cumulative pore volume, which is a measure of the change in pore volume as
larger and larger pores are included in the determination of the cumulative pore volume. From this curve the
pore size distribution can be derived. From the observation that Figure 4.3b starts at its maximum for smallest
pore widths, it can be deduced that micropores contribute significantly to the overall pore volume. Thus, as
the micropores are small with little volume it can be said that there are a significant amount of micropores.
The peak at 30 nm shows that the numbers of these pores increased a bit. After the peak it can be seen that
the amount of pores with diameter larger than 30 nm drops significantly.
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(a)

(b)

Figure 4.3: (a) Cumulative pore volume of pores between 1.7 nm and 100 nm of the activated charcoal used. (b) The curve is determined
from the gradient of the cumulative pore volume and provides an indication of the pore size distribution.
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(a) (b)

Figure 4.4: (a) Potential profile applied to the working electrode during CV cycling. (b) Simulated current response for an ideal, frequency
independent capacitor.

4.3. Cyclic Voltammetry
Cyclic voltammetry is completed to determine the capacitance of the electrodes. The capacitance is a per-
formance indicator of CDI systems and is directly related to the functioning of the electrodes installed. Ca-
pacitance is a measure for the electric charge that can be stored in the electrode. This charge is one part of
the electrical double layer, with the other part being the adsorbed ionic charge. The cyclic voltammetry setup
is discussed in Chapter 3. During the CV measurement a repeating triangular voltage ramp is applied to the
working electrode, see Figure 4.4a. While voltage changes in time the resulting current is measured. In case
of an ideal circuit, the resulting current that is expected for an ideal, frequency independent capacitance can
be derived from the relation of charge (Q), voltage (U ) and capacitance (C ) as

Q =CU . (4.1)

Upon taking the time-derivative of the latter equation, it can be observed that the change of charge with
time scales with the change in potential with time, Q̇ =CU̇ . U̇ is constant as the triangular voltage ramp has a
linear profile and only changes in sign at the switching potential. As U̇ is constant, Q̇ is constant and thus the
current (I ) remains constant, following from Q = I t . Therefore, if the current is plotted versus the potential
difference between the working and reference electrode, a rectangular shape is expected, see Figure 4.4b.

Figure 4.5a shows experimental CV data for the GF811 electrode, displaying the sweeprates 10 mV/s, 7.5
mV/s, 5 mV/s and 2.5 mV/s. Figure 4.5b displays slower sweeprates: 2.5 mV/s, 1.0 mV/s, 0.5 mV/s and 0.25
mV/s. The cycles start at 1.0 V and is linearly decreased to -0.2 V. At -0.2 V the sweep direction is reversed and
linearly increased back to 1.0 V. The measured current of the lower sweeprates is smoothed by the use of a
moving average filter.

It can be seen that the curves in Figure 4.5a are not rectangular shapes. Looking at the curves in the
figure shows a gradual decrease in current measured as the electrode is swept down in potential and a grad-
ual current increase is observed as the electrode is swept up in potential. The measured current does not
instantly change sign upon reversing the voltage sweep direction, which is expected for an ideal frequency
independent capacitor. Nonetheless,it is not problematic that the current response is not rectangular, as we
are prepared for some non-idealities. In Figure 4.5b it can be seen that decreasing the potential sweeprate
results in a more and more rectangular shape. Below, we will focus on the sweeprate of 0.25 mV/s, as at this
slow sweep rate the current response is closest to rectangular. This curve is plotted separately in Figure 4.5c,
where it can be more clearly reviewed.

The 0.25 mV/s curve is close to rectangular, however, the curve clearly does not align itself perfectly with
the expected response. As the cycle is followed clockwise, starting from 1.0 V, it can be seen that as the sweep
direction reverses the current does not instantly turn negative. The current gradually turns negative in a
rounded slant. The same behaviour is observed at the switching potential of -0.2 V. Again the current does
not instantly change sign, however, changes in a rounded gradual fashion. The slant that is observed can be
explained by the charging resistance of the electrode. More specifically, the electrode is not an ideal capacitor
and a series resistance is present (Rs ). Looking at the difference between the different sweeprates, it can be
seen that a larger sweeprate results in higher current densities. This is easily understood from Equation 4.1,
the current is proportional to the sweeprate. Due to the higher current densities the slant due to resistance
to charging becomes more pronounced as a larger current is disrupted by this resistance. It is therefore more
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(a)

(b)

(c) CV data for the GF811 electrode in 1.0 M NaCl and 0.25 mV/s.

Figure 4.5: (a) CV data for the GF811 electrode in 1.0 M NaCl displaying the sweeprates: 10 mV/s, 7.5 mV/s, 5 mV/s and 2.5 mV/s. (b) CV
data for the GF811 electrode displaying the sweeprates: 2.5 mV/s, 1.0 mV/s, 0.5 mV/s and 0.25 mV/s. (c) CV data for the GF811 electrode
in 1.0 M NaCl and 0.25 mV/s.
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useful to examine the electrodes using a slow sweeprate, as at a slow sweeprate the current behaviour is not
fully dominated by this resistance to charging.

Next to the rounded features of the 0.25 mV/s curve, another major deviation from the ideal rectangular
shape emerges as the current starts increasing towards the end of the oxidizing sweep, this is discussed in
more detail further below.

In Figure 4.7a and Figure 4.7b compares different electrodes based on a sweep rate of 0.25 mV/s. Moving
average current values are used in the calculations and graphs. The differential capacitance is calculated
using

C = I

vm
, (4.2)

where v is the sweeprate and m is the mass of the working electrode. All electrodes show a close to rectan-
gular shape with resistance to charging and a peak at the end of the oxidization sweep. From the two graphs
it can be seen that the area enclosed by the curves is larger for the glass fiber paper electrodes compared to
the carbon fiber electrodes, indicating a larger specific capacitance. In order to determine the capacitance of
the electrode the mean differential capacitance is calculated, this integral capacitance is calculated as

C = Acurve

2mv(U2 −U1)
, (4.3)

where Acurve is the area enclosed by the CV curve in units AV and U2 −U1 is the total voltage range. The
results for integral capacitance values are put in Table 4.3. In the second column the capacitance per total
electrode mass is presented, which is the agreed upon convention. The calculated capacitance for the glass
fiber paper electrodes resulted in 31.44 F /g , 26.88 F /g and 16.22 F /g , for the electrodes GF811, GF712 and
GF442 respectively. The capacitances for the carbon fiber electrodes are determined to be 16.18 F /g , 15.62
F /g and 7.72 F /g , for the electrodes CF811, CF712 and CF442 respectively.

The largest capacitance for GF811 is in line with the largest fraction of activated charcoal and minimum
amount of binder material. The activated charcoal provides more space for ion adsorption and the minimum
amount of pores is blocked. Specifically, the difference of minus 10% ACP and an increase of 10% binder
material results in a 5 F /g decrease in capacitance. The GF442 exhibits the lowest capacitance by far, which
underscores the importance of ACP in achieving high capacitance values.

A similar relationship, as described above, is found between the carbon fiber electrodes, however, all the
capacitance values are found to be significantly lower. The lower capacitance values can be explained by the
large mass difference in support structure. This structure takes up only 20% of the total mass in the glass
fiber paper electrodes, opposed to 60% within the carbon fiber electrodes. The larger support structure mass
reduces the gravimetric capacitance. To enable a better comparison between both support materials, we
continue by comparing the capacitances based on the mass of the coating only, which can be seen in Table
4.3, column Massc C. For all electrodes, except the 442 electrodes, it is even observed that the CF electrodes
exhibit a higher capacitance per mass coating as compared to the GF electrodes. This is the benefit of more
electrical conductive electrodes, when only the coating mass is considered. This is an immediate benefit
of the electrically conductive support, which enables larger currents and, thus, larger sweeprate-dependent
capacitances.

In literature PVDF-bonded electrodes are published reaching up to 80.3 F /g , much higher than the elec-
trodes manufactured in this project. One explanation for the relatively low capacitance is the cell design
used. More specifically, the electrode within the cell is covered by rubber for a significant part. Thus, not all
area of the electrode can project itself onto the opposite electrode. Figure 4.6 displays the area that can most
actively take part in electrosorption, this area is called the projected area (Areap ). To enable a better compari-
son between our capacitance values and the ones found in literature, we therefore proceed by calculating the
capacitance using only this part of the electrodes results in Table 4.3, column Areap C. Indeed, if both factors
are considered together the values approach the numbers from literature much closer and therefore it seems
reasonable that support mass and edge-area effect play a major part in the deviation from literature (Table
4.3, column Areap & Massc C.).
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Table 4.3: Electrode electrical capacitance values calculated from CV data. Here, the specific capacitance is calculated as the integral
capacitance measured from the area enclosed by the cycle. The concentration of electrolyte was 1.0 M NaCl and the sweeprate of 0.25
mV/s. The error margins shown originate out of possible mass difference between working electrode and counter electrode. The capac-
itance values are determined using the mean of two electrodes installed in the CDI cell. The error margin is determined out of the use of
minimum and maximum electrode mass, as it was not noted which electrode functioned as working electrode or counter electrode.

Electrode C (F/g) AreaP C (F/g) Massc C (F/g) AreaP C (F/cm2) AreaP C (F/cm2)
& Massc C (F/g)

GF811 31.44 ±0.81 49.37 ±1.27 38.99 ±1.00 61.23 0.60 ±0.15 0.94 ±0.02
GF712 26.88 ±1.12 42.21 ±1.75 33.34 ±1.39 52.35 0.52 ±0.02 0.81 ±0.03
GF442 16.22 ±0.41 25.47 ±0.65 21.42 ±0.55 33.64 0.25 ±0.006 0.40 ±0.01

CF811 16.18 ±0.64 25.41 ±1.01 43.64 ±1.74 68.53 0.40 ±0.016 0.62 ±0.03
CF712 15.62 ±0.37 24.52 ±0.58 38.27 ±0.90 60.10 0.41 ±0.01 0.65 ±0.02
CF442 7.72 ±0.19 12.12 ±0.19 17.35 ±0.42 27.24 0.21 ±0.005 0.34 ±0.01

Figure 4.6: Graphical representation of the projected area of the electrode. The white area is used for current collectors and sealing the
channel and is not used for ion absorption.

In an attempt to deduce more information, such as resistances, from our CV data, we have modeled the
electrode as a simple RC circuit. Within Figure 4.9a and Figure 4.9b the CV curve for the GF811 electrode
is plotted once again. In Figure 4.9a simulated RC circuit data is added to the plot. This data is generated
using QUCS circuit simulator, here a simple RC circuit is implemented, see Figure 4.8b. The value of the
capacitance is set to the determined value from the CV measurement. The resistance in the RC circuit can be
used to demonstrate the effect of resistance on the charging behaviour.

The dependence of the resistance to charging on Rs is clearly visible. The smallest resistance approaches
the rounding behaviour observed in the experiment and the larger resistances display a smaller current and
larger curvature. It should be noted that, as the RC circuit is implemented with the capacitance measured
from the experiments, the capacitance resulting from the RC circuit response is lowered by the added resis-
tance. By adding the resistance to the measured capacitance the area of the curve got smaller. If the aim is
to match the areas of the curves, an iterative process could have taken place in which also the capacitance of
the effective RC circuit was varied. However, it can be assumed that the area enclosed by the black curves in
Figure 4.9a and Figure 4.9b should be enlarged to some degree.

Figure 4.9a shows CV response data from a circuit that has no incorporated mechanism to include Faradaic
processes. In the figure it can be seen that the current starts increasing towards the end of the oxidizing sweep.
Here, at positive voltages it is assumed that Faradaic reactions start taking place. As the absolute potential of
the electrode hits the Faradaic redox potential of a half cell reaction it could trigger an oxidation reaction, pro-
vided that all necessary components for the reaction to occur are present, Figure 4.9a pinpoints two suspect
reactions, with carbon oxidation being the main suspect, occurring as

C+H2O → C = O+2H++2e−

C+H2O → C−OH+H++e−

C+2H2O → CO2 +4H++4e− E 0 = 0.44 V v s. Ag /AgC l .

The second oxidation reaction that is possible to take place, however more unlikely, is the oxidation of chlo-
rine following
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(a)

(b)

Figure 4.7: Cyclic voltammetry comparison between glass fiber and carbon fiber support materials, showing in (a) glass fiber electrodes
and (b) carbon fiber electrodes. The CV measurement is executed in 1.0 M NaCl using 0.25 mV/s sweeprate.

(a) (b)

Figure 4.8: Electrical circuit of the Randles cell (a) and the RC circuit (b).
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2Cl− → Cl2 +2e− E 0 = 1.59 V v s. Ag /AgC l

Cl2 +H2O → HClO+H++Cl−

HClO → H++ClO−

6HClO+3H2O → 2ClO−
3 +4Cl−+12Cl−+3/2O2 +6e− E 0 = 0.69 V v s. Ag /AgC l .

This reaction is unlikely to take place as the redox potential to produce free chlorine is not reached. The total
amount of Faradaic current observed can thus be assumed to fully oxidize the carbon electrode.

The limited overshoot of the measured data as compared to the RC circuit data at the end of the reduction
sweep can be attributed to insufficient fitting of the RC parameters, but possibly also Faradaic effects, in the
form of

O2 +2H++2e− → H2O2 E 0 = 0.92 V v s. Ag /AgC l

H2O2 +2H++2e− → 2H2O E 0 = 3.01 V v s. Ag /AgC l

O2 +4H++4e− → 2H2O E 0 = 1.46 V v s. Ag /AgC l .

By design, the effective RC circuit does not include effects such as Faradaic losses. The Randles cell is a
circuit very similar to the RC circuit, however, has an extra parallel resistance (Rp ) that can possibly account
for Faradiac current. Figure 4.9b presents the experimental GF811 electrode CV data compared to simulated
Randles cell data with a constant value of Rs = 7.5Ω and a varying parallel resistance. From the figure can be
seen that the processes taking place in the activated carbon CDI electrode cannot simply be reconstructed
using resistors and an ideal capacitor. Including a resistor parallel to the capacitor superpositions a linear
current to the already present current response. The linear profile results from Ohm’s law, however, the mea-
sured current grows non-linearly towards the end of the oxidation sweep.
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(a)

(b)

Figure 4.9: Comparison between the GF811 electrode CV curve and the simulated RC circuit data (a), using different values of Rs . The
same experimental data is compared to the simulated Randles cell data in (b), using different values of Rp . The vertical blue lines are
located at the redox potentials for carbon oxidation, Cl− oxidation and O2 reduction, corresponding to Eqs. 2.38 - 2.40,2.44 and 2.48.
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4.4. Salt Adsorption Measurement
During the salt adsorption measurement the voltage between the electrodes is stepped to 1.2 V for half an
hour. After this charging phase the applied electrostatic potential is removed and the electrodes regenerate
by setting the voltage difference to zero, i.e., short-circuiting the electrodes. The applied voltage step and
current response can be seen in Figure 4.10. The measured current spikes initially, but quickly drops off while
the charging phase proceeds. Right after the change in applied voltage the driving force for electrosorption is
at maximum and much of the ions already within the electrode are adsorbed, resulting in a peak current. As
the current decays rapidly at first it can be seen that either all ions within the electrodes are adsorbed into the
EDL or the EDL is becoming more and more saturated. After a half hour of charging the applied electrostatic
potential is set to zero and an inverted current response is observed. The ionic charge that has built up in
the electrode is allowed to move out of the electrode and these adsorbed ions are consequently released back
into the solution.

Figure 4.10: Applied potential and measured current signal during salt adsorption measurements.

In Figure 4.11a and Figure 4.11b the dynamic steady-state (DSS) that is attained after prolonged cycling.
The activated carbon electrodes need time to fully develop their electrode-solution interface. For all elec-
trodes the behaviour becomes stable after 15 hours of cycling, every cycle is close to the same. This DSS is
necessary to correctly examine the manufactured electrodes. If the CF811 electrode is more closely exam-
ined in Figure 4.11b it can be seen that there are some differences between cycles, more precisely, the same
behaviour is reoccurring every other cycle instead of every cycle. Here, it is hypothesized that there is some
charge left locked in the CDI cell, from which cycling started. Polarizing the electrode around this shifted
shorting potential could have resulted in such behaviour.

The electrode resistance was roughly measured after the electrode was installed in the fb-CDI cell using
a multimeter, see Table 4.4. For the GF electrodes the resistance resulted in 92.5 Ω, 87.5 Ω and 70.23 Ω. The
resistance measured here is not a very precise measurement and should only be considered as a rough indica-
tion for the resistance. It can be seen that the increased amount of conductive carbon significantly decreased
the resistance of the electrode. However, the difference between the GF811 and the GF712 electrode cannot
be differentiated easily. Looking at the CF electrodes, which show superior electrical conductivity, a signifi-
cant difference can be observed between the CF electrodes themselves. This difference is the effect of wetting
the electrode with an ionized solution. The CF811 and CF712 are measured after the desalination measure-
ment as opposed to the others who were measured before wetting the electrodes. The wetted electrodes can
accommodate current more easily as they can form the EDL in the electrodes.

Figure 4.12a shows the desalination performance of the manufactured glass fiber paper electrodes and
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(a) (b)

Figure 4.11: Five adsorption/desorption cycles after 15 hours of operation, showcasing the level of dynamic steady-state reached for the
GF811 and GF442 electrode (a) and the CF811 and CF442 electrode (b).

Figure 4.12b shows the performance of the carbon fiber electrodes. Each curve shows typical adsorption/desorption
behaviour. Before this behaviour of interest is obtained the electrodes are cycled for 20 hours in order to ob-
tain dynamic steady state. At 21 hours the cell is charged with 1.2 V and a sharp decrease in concentration
is observed, analogous to the sharp increase in measured current. The charged ions are drawn to the oppo-
sitely polarized electrodes and stored in the pore structure. The deionized solution passes through the fb-CDI
cell and once it exits the cell its conductivity is measured. It can be observed that after the initial decrease
the effluent concentration slowly increases back to its initial value, due to the increasing saturation of the
electrodes. At the end of the adsorption step it can be seen that the GF442 and the CF442 electrodes return
closely to their initial concentration, meaning that the electrodes are very close to becoming fully saturated.
The other electrodes are further removed from being fully saturated as compared to the 442 coated electrodes,
and could have adsorbed more salt in case a longer cycle time was used. After a half hour of charging the elec-
trodes are regenerated and a sharp increase in concentration is observed. All adsorbed ions are released from
the electrodes and a concentrated brine is formed. As the time passes the concentration returns to its initial
value and the electrodes are fully regenerated.

If a closer look is taken at the start of the charging step it can be seen that the CF electrodes all manage to
reduce the concentration rapidly. The steep reduction in the solution concentration can be attributed to the
higher conductivity of the CF electrodes. The carbon fibers in the electrode function as the electron pathway
within the electrode, and therefore the conductivity of the CF electrodes is very similar. The GF electrodes
have lower electrical conductivity as there is no designated electron pathway. In contrast, the electrons in the
GF electrodes need to travel through the entirety of the coating. The lower electrical conductivity of the GF
electrodes ensures a longer resistive-capacitive timescale, that allows slower micropore charging. Differences
in the coating electrical resistances can be better differentiated in the GF electrodes.

The GF811 and GF442 electrodes seem to have the same behaviour initially and only the GF712 electrode
is observed to respond differently straight from the beginning of the charging phase. It is very clear that the
GF712 electrode has the most resistance to charging, this resistance can be explained by the low electrical
conductivity of the coating and possibly higher ionic resistance as more of the electrode surface is blocked.
The similarity between the GF811 and GF442 electrode ends as soon as the CF442 electrode becomes satu-
rated more quickly. The high amount of carbon black in this electrode ensures a high electrical conductivity
at the cost of electrosorption capacity. The steep concentration drop of the GF811 electrode can be explained
by a lower electrical conductivity combined with an increased salt adsorption capacity.

After the initial decrease in conductivity the GF electrodes gradually grow their EDL until discharge. The
CF electrodes show a steep associated concentration reduction followed by a more strong correction of the
concentration, meaning the concentration increases back up rather swiftly for a part of the concentration
drop. The steep reduction in concentration can be attributed to the low electrical resistance, thus short
resistive-capacitive timescale, of the CF electrodes. The initial drive for the ions to be adsorbed is larger
for the CF electrodes as compared to the GF electrodes.

After the applied potential is set to zero a sharp increase in concentration is observed. For the glass fiber
electrodes, the sharpest increase can be observed for the GF811 electrode, followed by the GF712 and GF442
electrode respectively. The steepest concentration increase is expected as the GF811 electrode is assumed to
have the largest ion capacity and so during the charging phase manages to adsorb/desorb most ions com-
pared to the other two electrodes. The electrodes with more limited capacity lose the driving potential for
electrosorption more rapidly due to saturation. For the carbon fiber electrodes surprisingly, the CF811 and
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(a)

(b)

Figure 4.12: Salt adsorption measurement data for the electrodes: GF811, GF712 and GF442 (a). The salt adsorption measurement is
executed at 5 ml/min flowrate and charged with 1.2 V. The measurement data for the electrodes: CF811, CF712 and CF442 are shown in
b.

(a) SAC reached as a function of time for all manufactured electrodes, using
5 ml/min 19 mM NaCl feed and a charge potential of 1.2 V.

(b) SAC reached at the end of the 30 minute cycle, using 5 ml/min 19 mM
NaCl feed and a charge potential of 1.2 V.
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CF712 electrodes display very similar behaviour. More distinct results were to be expected, as the difference
between the CF811 and CF712 electrodes should be similar to the difference between the GF811 and GF712
electrodes. Yet, a possible explanation is that the CF712 electrode is a little heavier than the CF811 electrode.
The latter may point at more coating mass available to take part in the CDI process. Other explanations could
be a difference in through-put or the fact that the CF811 electrode became compromised along its usage.
Cutting the holes into the CF electrode had put stress on the edges of the electrode ensuring exfoliation and
lose fibers. It is well possible this led to reduced desalination effect. In the appendix the effect of variability in
through-put is shown. It is possible that, despite our best efforts here, the flow speed during the CF811 mea-
surement the flow rate was somewhat larger, or the flow rate during the CF712 experiment was somewhat
smaller.

The SAC values are determined by calculating the mean concentrations during the charge and discharge
phases, utilizing a calculated reservoir concentration which equals the average measured concentration dur-
ing the whole experiment. Knowing the difference in concentration of the reservoir (feed) and the effluent
together with the through-put of the system the SAC of the electrodes can be determined. The resulting SAC
values can be seen in Table 4.4. The charge efficiency is calculated using Equation 2.33, all determined charge
efficiencies are conform literature, with charge efficiency reports between 35.5% and 43.1% [36].

Table 4.4: Results of the six electrodes manufactured of SAC, corrected SAC results using only projected electrode area masses, charge
efficiency,∆cr es , the temperature during the measurement, preliminary measured electrode resistance and electrode thickness. SAC and
λ are determined from a 30 minute cycle. ∆cr es within Table 4.4 is a measure for how the calculated reservoir concentration deviates
from the measured reservoir concentration. For all electrodes this deviation is around 1%, this can be a consequence of Faradaic reaction
products or due to measurement error.

Electrode SAC (mg/g) Areap SAC (mg/g) λ (%) ∆cr es (mM) T (◦C ) R (Ω) h (mm) m (g)
GF811 2.80 4.40 41 0.18 20 92.5 0.61 4.27
GF712 2.24 3.52 45 0.13 20 87.5 0.55 4.34
GF442 1.66 2.61 38 - 0.10 19.2 70.23 0.45 3.53

CF811 1.43 2.25 39 0.20 19.2 6.6 0.53 5.54
CF712 1.47 2.31 47 0.36 18.9 7.43 0.54 5.86
CF442 0.84 1.32 40 - 0.05 20 35.8 0.56 6.25

The determined SAC values that are shown in Table 4.4 for both the glass fiber and carbon fiber electrodes
can be correlated to their capacitances (and vice versa). More precisely, capacitance describes the electrical
charge that can be stored in the solid electrode matrix, SAC describes the ion capacity that the electrode
can adsorb. The SAC and capacitance each represent half of the EDL, and the two are related by the charge
efficiency of the electrodes. Therefore, much of the same arguments in the discussion of the capacitance data
applies here as well, such as the size of the charge that can be stored is heavily dependent on the amount of
ACP within the electrode and carbon fiber electrodes show to have lower electrical resistance.

The largest SAC data is found for the GF electrodes, which is partly explained by the lower mass of the
support structure. Upon taking a closer look at the values in Table 4.4, the order of high to low SAC for the GF
electrodes is as expected. The larger the surface area of the electrode, the larger the SAC. The same rank order
is found for the SAC data and capacitance data.

Surprisingly, the difference in SAC for CF811 and CF712 electrodes is not as expected. However, as we
discussed earlier, this result may be due to parts of the electrode being compromised and the possibility of
unequal flow rate. It can also be speculated that the CF811 coating, even though it is richer in AC, could have
had less coating material, resulting in lower SAC and capacitance when these values are calculated w.r.t. the
overall electrode mass including the glass fiber.

One can proceed by comparing the obtained SAC values to those found in literature. Specifically, here
the results are compared to results of Kim & Yoon and Hou et al. [26, 35]. Kim & Yoon published a SAC of
6.2 mg/g, using an activated carbon power electrode with a surface area of 1095 m2/g . The electrode was a
circular disk of diameter 18 mm and thickness 300 µm. The coating composition existed of 86% ACP 7% CB
and 7% PTFE. The desalination measurement was performed at 1.2 V, 10 mM NaCl, in single-pass applying
10 minutes charging. Kim & Yoon reported a capacitance of 63 F/g. In other work, Hou et al. published a
SAC of 2.6 mg/g, using 90% ACP and 10% PVDF to form an activated carbon sheet electrode of 80 mm x 80
mm and 0.38 mm thickness. The BET surface area of the carbon used was 1124 m2/g and the desalination
measurement was completed at 2 mM NaCl with the feed being recycled. At the maximum SAC reached the
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solution was for 96.7% desalinated. Hou et al. reported 55.7 F/g for their electrode.
As the manufactured electrodes are compared to the Kim & Yoon and Hou et al. electrodes, it can be seen

that Hou et al. reports a value very similar to the SAC determined for the GF811 electrode, 2.6 mg/g vs. 2.8
mg/g. However, the desalination measurement of Hou is operated recycling all the feed and desalinating the
entire solution, starting with a concentration of only 2 mM NaCl. The electrode of Hou et al. could have ad-
sorbed more salt at a concentration of 20 mM NaCl. In regards to the Kim & Yoon electrode it can be seen
that they report a SAC much larger than 2.8 mg/g. The high reported SAC of 6.2 mg/g can be explained by
the somewhat larger surface area, different electrode composition and better electrode electrical conductiv-
ity. However, the large difference can most importantly be explained by the cell design, the cell used in this
work ensures part of the electrode material does not partake in the electrosorption process. The active area
adjusted SAC, which is close to 60% larger, of the GF811 electrode results in 4.40 mg/g and is more in line with
the results of Kim & Yoon and Hou.

Figure 4.14 presents the relationship between the measured SAC and the predicted SAC out of the ca-
pacitance data acquired in the CV measurements. The predicted SAC values are determined according to
Equation 2.32 [34]:

S ACp = 1000CU Mw

4F
.

In the figure the SAC and capacitance, that are determined using only the projected area, are shown. As
can be seen all red dots, which represent individual electrodes, are found to utilize a little more than 42%
of the predicted SAC. The 42% is the charge efficiency that is determined from the measured current during
the salt adsorption measurement. Surprisingly enough, the electrodes are not supposed to utilize more than
42% of the predicted SAC. The capacitance data is collected at 1.0 M NaCl and not 20 mM NaCl. The EDL
is concentration dependent and so the measured capacitance at larger concentration is higher. Relating the
predicted SAC using 1.0 M NaCl data to SAC at 20 mM data cannot only be related using the charge efficiency,
and more margin is anticipated.

Figure 4.14: This graph depicts the relation between the measured SAC and the predicted SAC. All electrodes (red dots) are seemingly
in line with the determined mean charge efficiency of 42%, however all overshoot. Here, the area adjusted SAC and the area adjusted
capacitance data are utilized and plotted. The predicted SAC is determined from capacitance data acquired at 1.0 M NaCl.

4.5. Demonstrating MC-CDI Functionality
The electrodes build in this study are free-standing electrodes purposed for MC-CDI operation. The CDI
process performance analysis and optimization of MC-CDI is however not part of this thesis. Anyhow, it is
important to demonstrate that the electrodes are able to function in MC-CDI operation. To start, we analyze
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the permeability of the middle electrode while these electrodes are disconnected from any power supply. To
this extent, Figure 4.15a and Figure 4.15b show the results of circulating two different reservoirs of 500 ml with
different concentration through the two channels in the MC-CDI cell. The flow rate maintained during the
measurement is 5 ml/min. The two channels, and their respective reservoirs, are separated by one electrode
with an area of 90 mm x 75 mm. The conductivity is measured at the outlet of each channel. In both figures
it can be seen that the larger concentration decays exponentially, oppositely to the smaller concentration
reservoir that increases in concentration. This result is in line with the situation of two reservoirs separated by
a membrane that allows permeation of the solute. Both electrodes behave similarly and it can be concluded
that the electrodes allow salt permeation in non-forcing conditions.

To quantify a measure of permeation a half-live time (t1/2) can be determined for both electrodes. The
half-life time is the time interval for the difference in concentration of the reservoirs to be halved. For the
GF811 electrode the half-live time is 290 minutes. For the CF811 electrode t1/2 is 310 minutes. The two half-
life times do not differ much as could be interpreted from the graphs.

Figure 4.16a and Figure 4.16b show the results of actual MC-CDI operation. Here, both reservoirs contain
the same concentration and are pumped through the cell under forcing conditions. A 4-stage MC-CDI proto-
col is applied utilizing potential fields and electrosorption to desalinate one channel into the other, which can
be seen in Table 4.5. upon close analysis of the results it was found that the MC-CDI protocol was improp-
erly implemented, here, some MC-CDI functionally still remained and thus the results supplied interesting
insights still.

The observed concentrations look similar, albeit two major differences are observed. For the case of the
GF811 electrode is used the concentration difference reaches a significant size much faster. It is possible that
this difference originates from different reservoir concentrations, and therefore the concentration difference
between the channel establishes a much larger difference faster. Another observation is that channel 2 in
Figure 4.16b only shows one peak instead of the two peaks that are observed in Figure 4.16a for channel 1. The
lost peak in Figure 4.16b coincides with the applied electrostatic potential reversal of the middle electrode.
This is the electrode that separates the two channels. This peak is missing in the effluent of one channel,
however, it is still visible in the effluent of the other channel. It may be speculated from this result that as
the electrostatic potential reverses the CF electrode preferentially releases ions in one direction, whereas the
GF electrode releases its ions to a greater extent in both directions. This can be explained by the dense fiber
structure of the CF electrodes, which could hinder the permeability for ions. The CF electrode electrosorps
ions on one side of the electrode and after the electrostatic potential reversal the are not attracted enough by
the electrode on the far-side, and the ions are desorbed into the channel the ions originated from.

The electrodes build in this work should be intensively be researched in MC-CDI operation. From those
results the electrode receipt and manufacturing method for MC-CDI electrodes can be optimized.

Table 4.5: 4-Stage MC-CDI protocol intended for use during MC-CDI operation. + and - indicate the electricity pole the electrode is
connected to at each stage, the 0 indicates the electrode is disconnected.

Stage 1 2 3 4
Electrode A + 0 - 0
Electrode B - + + -
Electrode C 0 - 0 +
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(a)

(b)

Figure 4.15: Conductivity data from each outlet of the MC-CDI cell installed with the GF811 electrode (a) and the CF811 electrode (b).
Two different reservoirs are pumped through their respective channel in the MC-CDI cell at 5 ml/min, no potential field is applied.



4.5. Demonstrating MC-CDI Functionality 51

(a)

(b)

Figure 4.16: Conductivity data from each outlet of the MC-CDI cell installed with the GF811 electrode (a) and the CF811 electrode (b).
Two different reservoirs are pumped through their respective channel in the MC-CDI cell at 5 ml/min, a MC-CDI protocol is applied to
desalinate one channel into the other.
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4.6. Modelling Electrosorption
The goal of modelling electrosorption is to gain insight in the effects of varying electrode properties. The two-
electrode fb-CDI model is used to be able to compare results to literature and the completed salt adsorption
measurements. The model includes coupled external electrical networks, charge conservation, and species
conservation in bimodal pore structure electrodes. The two-dimensional porous electrode model for CDI
is implemented in COMSOL Multiphysics using transport of diluted species and equation-based modelling
interfaces.

The model is fitted to the GF442 electrode as this electrode is one of the manufactured electrodes that
contains the smallest SAC. As the capacity of the electrode is smallest the equilibrium at the end of the ad-
sorption phase is approached more closely compared to the other electrodes. The model can best be fitted to
experimental data that reaches up to equilibrium to estimate the free parameters. The effluent concentration
data from the salt adsorption measurement is used to fit the model to the experimental data: the nonelec-
trostatic adsorption potential, micropore capacitance and micropore porosity are determined by minimizing
the error between experiments and model results. Figure 4.17 shows the experimental effluent concentration
measured, along with the fitted model results. The model parameter settings can be seen in Table 4.6. For all
parameter studies below, these are the default values.

The free parameters in this study are estimated to be: µat t = 1.0, Cm = 73.15 MF /m3, and pm = 0.2486.
The values reported by Hemmatifar et al. are µat t = 1.5, Cm = 150 MF /m3, and pm = 0.3. Hemmatifar used a
pair of activated carbon electrodes, these are assumed to be a more classical 8:1:1 composite electrode. The
parameters estimated in this study can be deemed coherent as the content of activated carbon in the GF442
electrode is significantly lower and the replacing amount of Vulcan XC-72 is assumed to have lower nonelec-
trostatic adsorption, lower micropore capacitance and smaller micropore porosity.

Table 4.6: Parameter settings for the model fitted to the GF442 electrode.

Parameter Description Value unit
µat t Nonelectrostatic adsorption parameter 1.0
Cm Micropore capacitance 73.15 MF /m3

pm Micropore porosity 0.2486
pM Macropore porosity 0.4514
D Diffusion coefficient in the gap 1.47e-9 m2/s
De Effective diffusion coefficient in macropores 7.35e-10 m2/s
c0 Influent salt concentration 18.81 mM
Rs Electrical resistance 5.0 Ω

U Mean flow velocity 1.11 cm/s
Ls Gap thickness 1.0 mm
L Electrode length 90 mm
Le Electrode thickness 0.5 mm
W Electrode width 75 mm
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Figure 4.17: Experimental effluent concentration data from the GF422 salt adsorption measurement compared to the fitted model re-
sults. Model parameters can be seen in Table 4.6

Figure 4.18a and Figure 4.18b present the simulated concentration profile in the gap and the macropores
of the top part of the symmetrical fb-CDI cell. The upper square represents the electrode domain, currently
showing macropore concentration profiles plus contours, and the lower square is the gap domain. The inlet
and outlet domains are not shown here. Note that the figure is not to scale and the scales for the x and y
axis are not equal. The electrode is charged at 1.2 V at 5 ml/min flow rate. The electrode is charged for 1800
seconds and discharged for 1800 seconds at 0 V.

20 seconds after the electrostatic potential difference is applied, a near-gap depletion zone can be ob-
served. As time goes on, the depletion zone grows in size propagating upwards. The initial rapid adsorption
of ions is related to the resistive-capacitive time scale. After 200 seconds the charging of the micropores is
characterized by slow, diffusion-limited transport of ions from the gap into the electrode. At the end of the
charge phase it can be seen that the electrode is close to being saturated, and the electrolyte within the elec-
trode returns to close to its initial concentration.

Figure 4.18b displays the discharging of the electrode at 0 V. Note the rapid increase in concentration in
the near-gap region, which is due to desorbing of the ions. After 200 seconds of discharging the concentra-
tion in the macropores overshoots the colour range, reaching a concentration larger than 29 mM. The rapid
desorption is then, analogous to the charging phase, followed by a slow diffusion-limited transport of ions
out of the electrode.

Whilst Figure 4.18a shows the salinity in the macropores and flow channel, Figure 4.19a gives an insight
into the actual salt absorbed inside the electrode. Note that for this reason the flow-channel region is left
white. Looking at the charging process of the micropores, the micropores closest to the gap charge fastest,
and as time goes on more and more micropores charge.
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(a)

(b)

Figure 4.18: (a) Simulated ion concentration fields (mM) in the gap (lower square domain) and macropores (upper square domain) for the
symmetric top half of the cell (not to scale) during charging and (b) discharging. The color coding represent the local ion concentration.
During charging, a depletion region forms near the electrode-gap interface, which rapidly propagates upward. The rapid charging is
followed by diffusion-limited uptake of new ions from the gap. At discharge the adsorbed ions are rapidly repelled from the micropores,
starting in the near-gap region. Discharge then slows down due to diffusion-limited transport of ions out of the electrode.
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(a)

(b)

Figure 4.19: Simulated ion concentration profile (mM) in the micropores of the upper electrode (not to scale) for charging (a) with 18.81
mM inlet concentration and (b) discharging. The micropores in the near-gap region charge first, and as time goes on more and more
micropores are charged.
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As was mentioned earlier in this thesis, it is important for the electrodes to be characterized by a low
electronic resistance, as this will enable faster charging of the electrodes. In Figure 4.20 the effect of varying
resistances in simulated cells is shown. Note that all electrical resistances in the model are lumped together
in the series resistance Rs . This includes the electrical resistance inside the solid electrode matrix. As shown
before in the cyclic voltammetry measurements this resistance slows down charging. In the cyclic voltam-
metry measurements this was observed in the dampening effect of the resistance on the current response.
Here, in the effluent of the fb-CDI cell, the same dampening effect can be observed. At higher resistance to
charging, the ions are adsorbed more slowly, and the desalination effect is more limited.

Figure 4.20: Parameter study with varied series resistance, displaying effluent concentration during one hour adsorption/desorption
cycle. Model parameters can be viewed in Table 4.6.

Electrodes can differ in their volume available for ion adsorption. This can be due to difference in com-
position, as shown by the experiments, but also by employing a different ACPs. Figure 4.21 presents the
effect of different electrode materials containing more or less volume that takes part in the electrosorption
process. This can be studied by changing the micropore porosity within the model. As expected, it can be
observed that upon increasing pm the adsorption capacity increases, as can be observed from the increasing
area between the inlet concentration and the plotted effluent concentration. A more interesting observation
can be made by examining the desorption peaks. From pm = 0.2 to pm = 0.3 the desoprtion peak, i.e. the
maximum concentration during the desorption process, initially increases with pm. However, this trend is
reversed when pm reaches 0.4, which may be a residual effect of the lower concentration at the end of the
absorbtion phase that precees the desorption. It can thus be observed that larger pm tends to slow down the
absorption/desorption process. An additional effect that may play an important role here is that the surge in
concentration is also restricted by the lowering of the available macropores. As the amount of micropores is
largest, the amount of macropores is smallest, following from pm +pM = 0.7. As the amount of macropores
becomes smaller, the concentration increase in the macropores right after desorption becomes largest. The
increasing concentration in the electrode becomes a increasing resistance for discharging of the micropores.

As was mentioned earlier, the electrode thickness was assumed important for the electrosorption kinet-
ics of the process. Figure 4.22 shows the effect of different electrode thickness within the fb-CDI cell. It can
clearly be seen that the thicker electrodes contain more capacity. It can also be observed that the thinner
electrodes not only saturates faster, in addition the charging of the electrode proceeds faster as well. The lat-
ter has again to do with the charging resistance of the electrodes. The lumped charging resistance is the same
for all electrodes. In the model the resistance is independent of the thickness of the electrode. Comparing the
electrodes with different thicknesses, initially as the electrostatic potential is applied, all electrode material is
trying to involve its self in the electrosorption process. This results in a largest current for the electrode with
the most electrode material, which is the electrode with the largest thickness. As the current increases, the
voltage drop over the internal resistances increases as well. Therefore, due to the smaller currents, the micro-
pores of the electrode with the least amount of electrode material are least impeded in charging themselves,
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Figure 4.21: Parameter study with varied micropore porosity, displaying effluent concentration during one hour adsorption/desorption
cycle. Model parameters can be viewed in Table 4.6.

resulting in a faster dropping concentration drop in the effluent of the cell. Figure 4.22 also shows that it is
easier for the thinnest electrode to transport the adsorbed ions back into the gap, as its diffusion timescale is
smallest.

Figure 4.22: Parameter study with varied electrode thickness, displaying effluent concentration during one hour adsorption/desorption
cycle. Model parameters can be viewed in Table 4.6.
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It could prove insightful to try and recreate the salt adsorption measurement curves for the GF811 and
GF712 out of the fitted GF442 model. The GF442 model was chosen as a reference because of its smallest
adsorption capacity. Taking the fitted data as a starting point, the model can be adjusted and altered, accord-
ingly to the observations made in the electrical conductivity and micropore porosity parameter studies. Note
that these curves are not fitted to their respective experimental data, but are iterated to sensible values for
pm , pM , Cm and Rs .

Figure 4.23a shows the experimental data of the effluent concentration measurements during the salt ad-
sorption measurements of the GF electrodes. Out of the capacitance and SAC data it is know that the capacity
of the GF811 electrodes is close to being twice that of the GF442 electrode. Therefore, the micropore poros-
ity pm is doubled and the resulting change in the simulated concentration curves is analyzed. It was found
that by doubling the micropore porosity the macropore volume had become too small to provide a fitting
adsorbtion/desorption cycle. It turns out that a good fit can be obtained by not only changing pm , but also
an updated value for the micropore capacitance and total porosity is needed. The total porosity of the GF811
and GF712 electrode was increased to p = 0.8 instead of p = 0.7, and the micropore capacitance is increased
to 1.35e8 F /m3. The electrical resistance is only changed form 5.0Ω to 6.0Ω as the initial concentration drop,
seen in the experimental data, is very similar for both electrodes. By applying these alterations to the fitted
GF442 parameters, it is very well possible to recreate similar effluent concentration data for the GF811 elec-
trode. From these findings it is confirmed that the GF811 electrode has increased salt adsorption capacity
due to increased porosity, larger micropore volume and larger volumetric micropore capacitance.

To match the GF712 electrode salt adsorption measurement data out of the GF442 fitted model, the re-
sistance needs to be increased significantly to 10Ω, which is an increase that can be expected as the carbon
black content is significantly lower, whilst the binder content is not decreased, as is the case for GF811. The
micropore porosity of the GF712 is assumed to be somewhat smaller than that of the GF811 electrode, set to
pm = 0.30. Table 4.7 shows the alterations made to the GF442 fitted model to recreate the GF811 and GF712
electrode salt adsorption measurement data. By trying to match the experimental GF712 curve, it is found
again that the micropore capacitance needs to be increased to ensure the GF712 curve dips below the GF811
curve at the end of the adsorption phase. In retrorespect, this may point at the fact that the initial fitted ca-
pacitance of the GF442 model may have been ambiguous, and another parameter set, including a different
capacitance, could have given a satisfying result as well. In this study the three free parameters are all esti-
mated in one optimization study. To delivered a better fit the parameters should be estimated in a way that
resulting estimated parameters are most confined. To this extent, Hemmatifar et al. proposed a method in-
volving equilibrium data at the end of the adsorption phase [24]. He investigated the equilibrium solution
at infinitely long time after applying the electrostatic potential. Here, the solution is solely governed by the
EDL model used, voltage applied, and inlet concentration. From this solution the three free parameters can
be reduced to just two independent parameter groups, PmCm and pmexp(µat t ). If experimental equilibrium
conditions are utilized, together with the dynamic salt adsorption measurement data, the free parameters
could be estimated more deterministic. Constituting the best fit is not the scope of this work, as understand-
ing the effect of varying parameters is. Nonetheless, as the model is expanded to MC-CDI simulations in the
future the best fit becomes more important, as in MC-CDI the spatial distribution of the salt becomes more
critical.

Table 4.7: Original fit parameters for the GF442 experimental data, and the updated parameters that will produce good fits for the other
electrodes.

Parameter GF442 GF712 GF811
Cm 7.315e7 1.5e8 1.35e8
pm 0.2486 0.30 0.32
pM 0.4514 0.50 0.48
Rs 5.0 10 6.0
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(a)

(b)

Figure 4.23: (a) Salt adsorption measurement data for the electrodes: GF811, GF712 and GF442. (b) Simulated CDI model data, model
parameters used besides the default parameters can be viewed in Table 4.7.
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Conclusions & Recommendations

In light of growing water scarcity problems, solutions to expand the drinking water supply are sought after.
Desalination presents itself as a sensible option, as it opens up access to the vast salt water resources on
Earth. Capacitive deionization (CDI) is a novel desalination technology that is based on separating salt ions
from aqueous solutions in an electrical double layer, and is currently widely researched for its advantageous
desalination of brackish water.

In this project free-standing activated carbon electrodes are manufactured for application in multi-channel
CDI (MC-CDI). In MC-CDI three or more electrodes are utilized in order to incorporate two or more channels
in the CDI cell. During MC-CDI operation the electrodes are polarized, following a thought-through scheme,
in order to desalinate one channel into another channel. For MC-CDI to function properly the electrodes
used need to be permeable to transport the ions through the electrode, this is not necessary for conventional
CDI, thus current available electrodes are not tailored to, or not usable at all, in MC-CDI.

During this project six different types of electrodes are successfully manufactured, purposed for MC-CDI.
Glass fiber paper and carbon fiber are dip coated, resulting in smooth permeable electrodes. The coating is
prepared using activated carbon powder (ACP), carbon black and PVDF binder. ACP provides large surface
area for ion adsorption, the ACP used is a typical microporous activated carbon with a specific surface area
of 930 m2/g . Carbon black is added to increase the electrical conductivity of the coating and the binder
provides mechanical stability to the coating film. The six different electrodes consist of three different coating
compositions coated onto the glass fiber paper and carbon fiber. The three coatings can be differentiated in
a high ACP coating, a high binder coating and a high carbon black coating. It is hypothesized, that a coating
high in carbon black can function more efficiently in MC-CDI, as the electrosorption process takes place on
the outer surface area in larger amounts. Dip coating the electrodes allows for swift application of the coating
and the applied coating mass can easily be controlled by applying multiple layers.

The electrodes are evaluated using cyclic voltammetry and salt adsorption measurements. The electrodes
with the largest amount of ACP display the largest capacitance and salt adsorption capacity (SAC). The best
gravimetric performing electrode is the glass fiber paper electrode with high ACP coating, which can be char-
acterized by a capacitance of 31.44 F/g and a SAC of 2.80 mg/g. To compare the experimentally determined
capacitance and SAC with literature, the fact that part of the electrodes is covered by the rubber gasket is taken
into account, this part is excluded to contribute to the electrosorption process. The active area adjusted ca-
pacitance and SAC for the glass fiber paper electrode with high ACP coating result in 49.37 F/g and 4.40 mg/g,
and is in line with literature. Altering the coating composition by replacing half of the ACP with carbon black,
as in the high carbon black electrode, it can be seen that the electrical conductivity is improved at the cost of
reducing the capacitance and SAC by around half. It is shown that increasing the binder mass in the coating
results in mechanically more stable electrodes, at the cost of blocking surface area from ion adsorption. The
carbon fiber electrodes have superior electrical conductivity compared to the glass fiber electrodes, however,
the conductivity of the glass fiber electrodes does not under-perform dramatically and a non-conductive
support structure can very well be used in CDI electrodes. The carbon fiber electrodes display more limited
MC-CDI functionality, as the carbon fiber structure results in a more dense separation between the channels,
potentially resulting in less efficient MC-CDI operation. It is also shown that Faradaic reactions take place
during CDI operation in the form of carbon oxidation.
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Alongside the manufacturing and evaluation of the electrodes, two-dimensional electrosorption simula-
tions are performed to explore the effect of electrode resistance, micropore porosity and electrode thickness.
This model included coupled external electrical networks, charge conservation, and species conservation in
bimodal pore structure electrodes. The model includes three free parameters: non-electrostatic adsorption
of ions into micropores, volumetric adsorption capacitance of micropores, and porosity of micropores. The
model is applied to conventional flow-by CDI in order to best compare results to literature and the salt ad-
sorption measurements. The model is fitted to dynamic effluent salt concentration data. Electrosorption
simulations showed that the process takes place in two distinct phases: fast initial micropore charging, fol-
lowed by slow diffusion-limited uptake of salt from the gap. Spatiotemporal concentration profiles are pre-
sented of the micropores, macropores and gap. Increasing the electrical resistance results in an impeding
effect on electrosorption. Increasing the micropore porosity results in larger SAC. Thicker electrodes can ad-
sorb more salt, however, the adsorption kinetics are more limited by the increase of the diffusion time scale.
From these results, thin highly electrical conductive electrodes with large SAC can be derived to be preferable
in MC-CDI operation.

Based on the findings of this thesis, it may be expected that further increase in performance can be
reached by developing electrode support materials that combine the structural properties of glass fiber pa-
per with the conductive properties of carbon fibers. These electrodes should be extensively investigated in
multi-channel CDI operation in order to determine the performance in MC-CDI operation.

The electrical response of the CDI cell can be understood by impedance spectroscopy (EIS) and determin-
ing the equivalent electrical circuit, as is described in Appendix A. Future studies into this topic could help to
accurately determine electrical resistances and provide another handle to optimize the electrode recipe.

To better fit the free parameters to the experimental data, experimental equilibrium data should be ob-
tained at very long charging times. With this data the fitting procedure as by Hemmatifar et al. can be utilized
[24]. By calibrating the model using the dynamic effluent concentration data, in combination with equilib-
rium adsorption data, the free parameters can be estimated more deterministic.

In conclusion the findings in this work supplied a method of manufacturing activated carbon electrodes
and substantiated a clear insight into the ideal MC-CDI electrode. MC-CDI can be an elegant addition to the
family of existing CDI architectures and potentially help alleviate water shortages around the world.



A
Resistances in Capacitive Deionization

A.0.1. Equivalent Electrical Circuit Modelling

The different physical processes in the CDI cell are hard to perceive and distinguish from each other. Equiva-
lent electrical circuit modelling can be used to provide information by simplifying the system into elementary
circuit elements. CDI technology is similar to that of supercapacitors, and the use of electrode impedance
models is common in both technologies. A well know equivalent simplyfied electrical circuit is the Randles
cell, shown in Figure A.1. The CDI cell is modelled using Rs in series with capacitor (C ), in the Randles cell
an additional resistance (Rp ) is put in parallel with C in order to account for the flow of parasitic current. The
effective values of these components can be fit to experimental data. The desalination performance of the
cell can then be interpreted based on these values.

Figure A.1: Electrical circuit of the Randles cell

It is possible to derive a great deal of data from electrochemical impedance spectroscopy (EIS) using this
Randles cell. Figure A.2 shows a two-electrode four-wire setup, utilizing an more complicated equivalent
electrical circuit, to determine resistances within the CDI cell. EIS uses a sinusoidal voltage input signal over
a range of frequencies to determine the phase angle between the input signal and the current as the output
signal. The impedance is determined from the output amplitude and phase angle for all same frequencies.
With the phase angle and the impedance’s a Nyquist can be plotted. From this plot the resistances can be
easily extracted without complicated fitting, see Figure A.2 (d).

The impedance of the CDI cell from Figure A.2, can be described by the following equations,
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Z2w = ZEE I +Z4w (A.1)

ZEE I = REER,s + Rcont act

1+ iωRcont act Ccont act
(A.2)

Z4w = RI ER +Rsp +2
√

Rm A Zw coth

(√
Rm A

Zw

)
(A.3)

Zw =
(
iωCw + 1

Rct +Zst

)−1

(A.4)

Zst = Rst

(iωτst )n coth[(iωτst )n], (A.5)

(A.6)

where Z2w and Z4w are the total device impedance measured in two-wire and four-wire measurement
modes, ZEE I is the external electronic impedance, REER,s is the series resistance of the external electronic
impedance, Rcont act is the resistance of the contact between the current collectors and electrodes, Ccont act is
the contact capacitance of the contact,ω is the angular frequency of the applied voltage sine wave, RI ER is the
internal electronic resistance, Rsp is the ionic resistance as in Equation 2.37, Rm A is the electrode macropore
ionic resistance, Zw is the macropore wall impedance, Zst is the storage pore impedance, Rst is the storage
pore resistance, τst is the storage pore characteristic time, and n is the anomalous diffusion order parameter.

By examining the real-component location of the impedance in Figure A.2, a simple interpretation of the
CDI cell can be obtained with resistances that are formulated as

R4w = RI ER +Rsp +2Rel (A.7)

Rel =
lelτm A

3Apm A

κ+σ
κσ

≈ lelτm A

3Apm A

1

κ
, (A.8)

where Rel is the ionic resistance of one electrode, lel is the thickness of an electrode, τm A is the tortuosity
of the macropore structure, A is the electrode face area, pm A is the electrode macropore porosity and σ is the
electrode conductivity.

Adopting the four-wire setup and employing EIS using frequencies from 700 kHz to 40 mHz can help
tremendously in identifying CDI functionality.
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Figure A.2: (a) An individual CDI cell with marked dimensional variables as well as a full cell in a four-wire measurement setup with
impedances indicated from Equation A.2 and a SEM image of the electrode material. The activated HCAM material has macropore
porosity pm A and tortuosity τm A . (b) The nested transmission line circuit model described by Equations A.2 to A.5. (c) The equivalent
circuits for the two-wire and four-wire measurement modes of a cell (Equation A.1 and A.3). (d) Representative EIS spectra calculated
from Equations A.1 to A.5 with Rsp +REER = 1Ω, Rst = 0.15Ω, Cst = 4.5F , Rm A = 7Ω, Rct = 0.3Ω, Cw = 0.2F , n = 0.2, REER,s = 3Ω,
Rcont act 5Ω, and Ccont act = 0.15F . These values were chosen to present fits of measured spectra. Resistance designations follow from
Equations A.7 to A.8.





B
Effect of Flow Rate and Voltage

Figure B.1: Effect of flow rate on effluent concentration.

Figure B.2: Effect of applied voltage on effluent concentration.
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