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Abstract

Clean water, a fundamental human right, remains unattainable in many regions due to
scarcity exacerbated by growing populations and climate change. Innovative technolo-
gies are required to extract potable water from saline sources and reclaim wastewater
from industrial or agricultural processes. Removal of salt ions necessitates energy-
intensive approaches. Therefore, developing novel, energy-efficient desalination and
salt recycling techniques is imperative. Among these techniques, electrically-driven
Flow-electrode Capacitive Deionization (FCDI) stands out due to its continuous oper-
ation and energy efficiency, particularly in treating low-salinity feed water.

Despite promising results from laboratory-scale studies using mostly synthetic salt solu-
tions, there has been a critical need to validate the technology’s efficacy at larger scales
and with real-world feed solutions.

This thesis undertook the scale-up of FCDI technology and deployed it in real-world de-
salination and salt recycling scenarios while innovating new components and materials
to enhance cost-effectiveness. Scale-up involved experiments with various module con-
figurations and current collector architectures. In these experiments, the concentrations
of the produced solutions were quantified and used as performance metrics.

A central outcome of this thesis was the development of a stacking concept for FCDI
modules at the pilot scale. The concept was evaluated against an established elec-
trically driven desalination technology (Electrodialysis). The specific desalination per-
formance of FCDI modules at the pilot scale was lower than at the laboratory scale,
indicating potential for future optimization. Compared to Electrodialysis, FCDI requires
more membrane area, resulting in a disadvantage in capital cost. A new current col-
lector architecture was established to reduce the cost of FCDI modules. Finally, a wire
mesh sensor was developed, which could be used to investigate and improve FCDI in
the future.

The practical application of FCDI in real-world water treatment tasks is crucial for ad-
vancing the technology. Only through such applications can the merits and shortcom-
ings of FCDI be understood comprehensively - leading to iterative improvements of the
technology. Scale-up is the most crucial step in enabling real-world applications. This
thesis provides a roadmap and takes the first steps towards industrial application. Fu-
ture research should focus on scale-up with novel module concepts and identification of
new applications for FCDI.






Zusammenfassung

Sicherer Zugang zu sauberem Trinkwasser, einem menschlichen Grundrecht, ist in vie-
len Regionen nach wie vor unmdglich. Wasserknappheit und Verteilungsprobleme ver-
scharfen sich durch Bevdlkerungswachstum und die Folgen des Klimawandels. Ange-
sichts dieser Herausforderung sind innovative Technologien erforderlich, um Trinkwas-
ser aus Salzwasser zu gewinnen und Abwésser aus industriellen oder landwirtschaftli-
chen Prozessen aufzubereiten. Die kapazitive Deionisierung mit FlieBelektroden (FCDI)
als elektrisch getriebenes Verfahren zeichnet sich durch einen kontinuierlichen Betrieb
und eine hohe Energieeffizienz aus, insbesondere bei der Behandlung von Wassern mit
niedrigem Salzgehalt.

Studien zu FCDI im Labormafstab zeigen das Potential der Technologie. Zumeist wur-
den synthetische Salzlésungen verwendet. Nun ist es erforderlich, die Wirksamkeit der
Technologie in groBBerem Maf3stab und mit realen Feedlésungen zu validieren.

Im Rahmen dieser Arbeit wurde der Anwendungsmafstab der FCDI-Technologie
auf PilotmaBstab vergréBert und die Technologie in realen Entsalzungs- und
Salzrecyclinganwendungen eingesetzt, gleichzeitig wurden neue Komponenten und
Materialien zur Verbesserung der Kosteneffizienz entwickelt. Im Rahmen der Maf3stabs-
vergréBerung wurden verschiedene Moduldesigns und Bauformen fir Ladungsubertra-
ger getestet. In den Experimenten wurden die Konzentrationsédnderung in den FCDI-
Modulen gemessen und zur Charakterisierung der Entsalzungsleistung verwendet.

Ein zentrales Ergebnis dieser Arbeit war die Entwicklung eines Stacking-Konzepts flr
FCDI-Module im PilotmafBstab. Das Konzept wurde im Vergleich zu einem etablierten
elektrisch-getriebenen Entsalzungsverfahren (Elektrodialyse) bewertet. Die spezifische
Entsalzungsleistung der FCDI-Module im Pilotmaf3stab war geringer als im Labormal3-
stab; hier besteht Potential fir zukinftige Optimierungen. Im Vergleich zur Elektrodia-
lyse bendtigt FCDI eine gréBere Membranflache, was zu héheren Investitionskosten
fihrt. Um die Kosten der FCDI-Module zu senken, wurden neue Ladungsibertrager
entwickelt. Diese konnten zu geringeren Kosten hergestellt werden und erreichten einen
verbesserten Salztransport. AuBerdem wurde ein Wire-Mesh Sensor entwickelt, der in
Zukunft fir die Untersuchung und Verbesserung von FCDI eingesetzt werden kann.

Die Anwendung von FCDI in praxisnahen Wasserentsalzungs- und Salzriickgewin-
nungsanwendungen ist fir die Verbesserung der Technologie entscheidend. Nur durch
solche Anwendungen kdnnen die Vor- und Nachteile von FCDI umfassend verstanden
und iterative Verbesserungen umgesetzt werden. Die Maf3stabsvergréBerung ist der
wichtigste Schritt, um die Anwendung in der Praxis zu erméglichen. Diese Arbeit de-
monstriert die ersten Schritte in Richtung einer industriellen Anwendung. Zukiinftige
Forschung sollten die Skalierung von neuen Modulkonzepten fokussieren und neue An-
wendungsfelder fiir FCDI erschlie3en.

Xi






1 Introduction

Motivation

Only around 2.5% of the earth’s total water supply exists in the form of
freshwater; the rest is found as seawater or brackish water [Shik2000].
Currently, the growth of the human population and global climate change
strain freshwater resources around the world [Kona2020]. More freshwater
is needed to sustain the growing population and improve living standards
in the near future. At the same time, rising sea levels, intrusion of seawater
into groundwater resources in coastal regions, and the accumulation of
extreme weather scenarios will likely decrease the amount of freshwater
available. As a result, 57 % of people living on Earth will suffer from scarcity
of clean water by 2050. [Meko2016]; [Bore2019] Solutions are found in
the desalination of seawater and brackish water. The worldwide capacity
for desalination is increasing, helping to reduce water scarcity [Shan2008];

[Jone2019].

In contrast to efforts in the field of seawater desalination, increasing in-
dustrial and agricultural activities contribute to water scarcity [Cafie2013];
[Kaus2016]. Wastewater from these applications often contains salts, like
chlorides, nitrates, or phosphates. If the total salt concentrations of in-
dustrial waters exceed 50gL!, they are referred to as salt brines. When
brines are emitted into the environment, they negatively affect freshwa-
ter ecosystems through salinization and eutrophication and strain ground-
water resources [Cane2013]; [Schu2019]; [Bald2013]. The aim should
be to reduce the emissions of wastewater or to reduce their salt con-
tent. To achieve this, increasingly strict regulations are being implemented
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[Fost2019]; [Smit2009]; [Farm2018]. In addition, there is growing interest
in closing material cycles and recycling these salts at high concentrations
in industry processes. This is especially true for phosphate or lithium salts

as a result of limited resources. However, with rising raw materials prices
and the arrival of new technologies, this also applies to other salts, such as
nitrates. [Driv1999]; [Huka2016]; [Li2019]; [Liu2019]; [Grai1996]; [Xu2002];

[van 2021]

Overall, the situation creates a demand in the industry for processes that
can separate salts from an aqueous feed stream (desalination) and in-
crease their concentration in another stream (concentration). Furthermore,
since different salts may be present in wastewater, selective desalination,

and concentration become important for future water treatment technolo-

gies [Luo2018]; [Shoc2022].

Technical Solutions

Various processes for desalination and salt concentration are known today.
Elsaid et al. classify these processes as thermal processes, membrane
processes, and emerging processes [Elsa2020]. Thermal processes and
membrane processes are established on a large scale and are regularly
applied for the desalination of seawater or industrial wastewater. Plants
that desalinate thousands of cubic meters of water per hour are common.
Furthermore, there are several emerging processes in the field of desali-
nation. However, their application is often restrained by the competition of
the established processes. Pilot-scale assessment of these technologies

is needed to judge their technology readiness [Ahme2021].

An example of an emerging technology is Flow-electrode Capacitive Deion-
ization (FCDI). This process offers continuous capacitive desalination and
concentration at low energy demand. All capacitive desalination pro-
cesses are based on the adsorption of ions to an electrode surface un-
der the influence of an electric field. In FCDI, static electrodes are
replaced by flowable solutions of carbon particles, allowing continuous



regeneration [Jeon2013]; [Gend2014]. FCDI was first described in 2013
and has been the focus of growing research interest ever since; the number
of academic papers on FCDI is increasing every year [Zhan2021]. How-
ever, every new technology eventually has to prove its technology readi-

ness in real-world applications. For desalination processes, scale-up is an
important step in this assessment. Even small-scale applications of desali-
nation and concentration in industry are typically on a scale of hundreds
of liters per hour, compared to milliliters per hour on the lab scale. Scale-
up can lead to the "death" of an emerging technology if it cannot show an
economic advantage over established technologies [Fran1996]. However,
scale-up should be attempted sooner than later to learn about a technol-
ogy’s actual advantages and disadvantages and to gain valuable feedback
for further research.

This thesis draws from this proposition and describes the first steps in the
scale-up of FCDI. The goal of this thesis is to document the current state
of FCDI research and answer questions that are relevant to scale-up of the
process:

« How can the size of FCDI modules be increased from lab scale to pilot
scale?

» How can components of FCDI modules be manufactured more effi-
ciently and at a lower cost?

» How can the FCDI process be tailored to real-world salt solutions?

» What is necessary to make FCDI more competitive?

Structure of this Thesis

Before taking the first steps in the direction of FCDI scale-up, an overview of
the field is needed. Chapter[2briefly reviews existing desalination and con-
centration technologies, before focusing on electro-membrane processes.
The fundamental background of ion exchange materials and the electric
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Figure 1.1: Structure of this Thesis visualized by a set of gears.

double layer is explained. The research field of FCDI is introduced, key
elements of the FCDI process are discussed, and the most important re-
search methods used in this thesis are presented.

The following chapters focus on specific steps of FCDI scale-up.
imagines the scale-up process as a set of gears that need to be set in
motion: the main gear at the center is the scale-up of FCDI desalination
modules. All research conducted in the field of FCDI so far has been on
lab scale, with modules that allow for flow rates of milliliters per hour. The
capacity of the process must be increased to make real-world applications
accessible to FCDI. Chapter [3introduces a module concept that reaches a
120x increase in treatment capacity.

The main gear in cannot turn without also turning a set of gears
that are placed around it. The first one is labeled "Real-world application”.
Before expensive large-scale modules are built and tests at pilot scale can
be started, it is important to prove that FCDI can operate with a specific salt
solution and a specific set of external factors. Chapter [4]describes a way to
systematically adapt the FCDI process to a given problem. The treatment
of wastewater from stainless steel pickling is used as test case. An out-
come from pilot-scale testing detailed in Chapter [4]is that the initial cost of
FCDI modules hinders competition with established desalination technolo-



gies such as Electrodialysis.

Chapter 5 shows how the cost of FCDI can be reduced by lowering the cost
of material and the labor cost incurred by one of the major components of
FCDI modules. A new type of current collector is presented and compared
with architectures known from literature. The new current collector shows
superior salt transport and is at the same time easier to manufacture at a
low cost.

Various research points toward the conclusion that there is still untapped
potential in FCDI, but there is a lack of understanding of the fundamental
processes that occur in the operation of FCDI [Zhan2021]. Critical infor-
mation from experiments is missing: the salt transport in an FCDI module
can to date only be measured at the inlet and outlet of the module, and the
transport within the module itself remains a black box. Modeling is possi-
ble, but it always entails assumptions about ion transport and ion storage
in flow electrodes that might not accurately describe reality. Thus, it would
be highly beneficial to find a way to measure salt concentrations at various
points in the FCDI module. This aspect is true for FCDI as well as for other
electrochemical membrane processes. Chapter [6] shows a new approach
to the measurement of local salt concentrations in the form of wire mesh
sensors. A setup is developed, and the first applications of the sensor on
lab scale are discussed.

Chapter [/] offers a summary of the work in this thesis and aims to draw
conclusions about the future of the FCDI process.

Previous Publication of Results and Content

This thesis’s content and results emanate from research conducted under
the affiliation and position of the author as research fellow and PhD candi-
date at RWTH Aachen University. The position is associated with the Chair
of Chemical Process Engineering. The author and his co-authors have
previously published parts of the results presented in this thesis. lllustra-
tions and text in this thesis are taken from published material in compliance
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with copyright regulations. Material from the following research papers and
research projects is used:

* N. Kdller, L. Mankertz, S. Finger, C.J. Linnartz and M. Wessling, "To-

wards scale-up of flow-electrode capacitive deionization", Desalina-
tion, DOI: 10.1016/j.desal.2023.117096

N. Koller, D. Roedder, C.J. Linnartz, M. Enders, F. Morell, P. Ali-
meier and M. Wessling, "Recovery of nitrate and fluoride salts
from stainless steel pickling wastewater with flow-electrode capac-
itive deionization", Journal of Hazardous Materials Letters, DOI:
10.1016/j.hazl.2025.100148

N. Koller, M. Perrey, L.K. Bruckner, P. Schafer, S. Werner,
C.J. Linnartz and M. Wessling, " Comparison of current collec-
tor architectures for flow-electrode capacitive deionization", DOI:
10.1016/j.desal.2024.117595

BMBF research project, Nitratkreislauffiihrung bei der Behandlung
von Metalloberfldchen durch Nutzung innovativer Techniken, NITREB,
02WQ1534D, 01.02.2020-31.07.2023

BMBF research project, Recycling von industriellen salzhaltigen
Wéssern durch lonentrennung, Konzentrierung und intelligentes Mon-
itoring, RIKovery, 02WV1569, 01.02.2021-31.10.2024

The work comprises data based on the following student theses:

» Selina Finger, Master’s thesis, 02.11.2020, Scale-up configurations

for flow-electrode capacitive deionization single modules

e Dustin Roedder, Master’s thesis, 10.02.2021, Characterization of

the Desalination of Nitrate and Fluoride containing wastewater using
Flow-electrode Capacitive Deionization

 Philipp Schéafer, Bachelor’s thesis, 26.03.2021, Flow-Electrode Ca-

pacitive Deionization: Design, implementation and examination of a
module with a novel membrane-current collector assembly



» Sebastian Werner, Bachelor’s thesis, 01.09.2021, Elaboration of a
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Chapter 2. Theoretical Background

2.1 Technologies for Water Desalination and
Concentrate Recycling

Desalination describes the separation of salts from an aqueous solution.
The most prominent application is the production of drinking water from
seawater. The concentration of total dissolved solids (TDS) in seawater is
around 35.000 ppm7ps, and an acceptable concentration for drinking water
is 500 ppm7ps [Mill1974]. This is the separation task from which most de-
salination technologies originate [Elim2011]. This chapter aims to give an
overview of the most common desalination technologies before focusing
on electro-membrane processes that are closely related to the topic of this
thesis. Since water desalination and energy production are closely linked
with one another, the energy demand of a desalination process is an impor-
tant metric. The thermodynamic minimum energy demand for desalination
of seawater with a water recovery of 50 % is 1.06 kWh m~3 [Elim2011].

2.1.1 Thermal Processes

There are two main categories of processes for desalination and concen-
tration: thermal processes and membrane processes. Historically, thermal
processes were available before membrane processes. They include multi-
stage flash (MSF) distillation, multi-effect distillation (MED), vapor compres-
sion (VC), and crystallization.

In MSF distillation, seawater is heated to temperatures between 90—120 °C.
The heated seawater then passes through a series of flash stages. Each
stage has a pressure below the saturation pressure of the seawater at the
stage temperature. This causes the seawater to flash (i.e., to boil rapidly).
The flashed water vapor is collected and cooled in a heat exchanger. Cold
inlet seawater can be used to cool the water vapor. The seawater in the first
flash stage boils until the temperature has fallen to the boiling point. The
unflashed seawater is passed to the next stage, where the process is re-
peated at a lower pressure. Thus, the reheating of seawater is omitted. By
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using several flash stages, high brine concentrations can be reached. The
condensed water vapor typically contains only 2 — 10 ppm7ps. Thus, rem-
ineralization is necessary for usage as drinking water. The typical energy
demand for MSF is 3.5 kWh electrical energy and 12 kWh thermal energy per
1 m3 of diluate. [Khaw2008]; [Elsa2020]

MED has a lower energy demand. Seawater passes through a series
of evaporators (so-called effects). In the first evaporator, the seawater
is heated by steam. Seawater at its boiling point is sprayed onto a sur-
face for evaporation. The liquid fraction after evaporation is given to the
next evaporator, which is heated by the vapor formed in the first evapo-
rator. MED can be operated at temperatures below 70 °C with an energy
demand of 1.5 kWh of electrical energy and 6 kwh of thermal energy per 1 m3

of diluate. [Elsa2020]

Mechanical vapor compression (MVC) and crystallization are typically used
at feed concentrations higher than seawater concentration (35.000 ppmtsp).
So-called salt brines can be side products from industrial processes or con-
centrates produced in seawater desalination. The goal in the treatment
of aqueous brines is zero-liquid discharge (ZLD), indicating that all water
should be recycled. Brine concentration is often based on MVC [Elsa2020].
A brine stream is heated, and water vapor is generated. The vapor is me-
chanically compressed, leading to higher temperatures and pressures. The
vapor is then fed to a heat exchanger, where the vapor condenses. The
thermal energy can be used to pre-heat the brine stream. The brine stream
is circulated.

MVC can be used to concentrate brines up to around 250.000 ppmtps
[Tong2016]. This is still below the solubility limit of some salts (e.g., sol-
ubility limit of sodium chloride 360.000 ppm). The concentrate can be treated
further in a brine crystallizer. A crystallizer is essentially a brine concen-
trator with the ability to separate salt crystals from a brine solution. The
circulating brine stream enters the crystallizer at an angle, generating a
vortex similar to a hydrocyclone. Water evaporates, and the solubility limit
of the salts is exceeded, leading to the formation of salt crystals. The salt
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crystals are separated from the solution in the vortex and drop to the bot-
tom, where they are drawn out of the crystallizer. Crystallization gener-
ates high-purity salt crystals that can be recycled and used in industrial

processes. [Bost1996]

2.1.2 Membrane Processes

All thermal separation processes depend on the evaporation of water (the
main component in seawater) to remove salts whose feed concentration is
typically only around 3% of a seawater solution by mass. More energy-
efficient options for desalination and concentration are membrane pro-
cesses that do not require evaporation of water. The most prominent mem-
brane process for desalination is Reverse Osmosis (RO). This process was
enabled by the invention of a stable cellulose acetate membrane by Loeb
and Sourirajan in 1962 [Loeb1962]. Another important step came with
the invention of interfacial polymerization for RO membranes by Cadotte
[Cado1985]. Once established as a large-scale process, RO slowly be-
gan to take over the desalination market. In 2000, the total volume of
diluate produced by RO was equal to the total volume produced by ther-
mal processes. Since 2000, the installed capacity of RO plants has in-
creased exponentially, whereas the capacity of thermal processes has only
increased slightly. In 2019, 69 % of diluate was produced by RO [Jone2019].
The energy demand for seawater desalination with an RO system is in the
range of 3—5 kwWh m~3 of diluate produced [Kim2019]. Compared to thermal
processes, this is closer to the thermodynamic minimum of 1.06 kWh m=3.
Although RO is used primarily for the desalination of seawater or brack-
ish water, it can also be used to treat industrial wastewater [Gree2009];
[B6da2003]. In RO, mechanical pressure is used to reverse naturally occur-
ring osmosis. When two solutions with different concentrations of solutes
are separated by a membrane that is permeable to the solvent but not the
solutes, the concentrations equalize due to water transport from the lower
concentrated solution to the higher concentrated solution. The lower con-
centrated solution exerts pressure on the membrane, the so-called osmotic
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pressure. RO starts with two feed solutions with the same concentration
(e.g., seawater). Higher pressure is applied to one solution by pumping.
If the pressure is high enough, water crosses the membrane. Thus, the
concentrations start to change: a diluate and a concentrate are formed.
The osmotic pressure between the diluate and the concentrate rises and
counteracts RO. For this reason, high pressures are necessary to operate

RO. [Bake2004]
Alpc=1+a(v—1))-RT - (cc — cp) (2.1)

The osmotic pressure difference between two solutions can be calculated
on the basis of van’t Hoffs law. shows that the pressure differ-
ence Allp ¢ between concentrate and diluate depends on the concentra-
tions in diluate ¢p and concentrate ¢c. R is the ideal gas constant, T is
the temperature. o and v describe the dissociation of the salt; « is the
degree of dissociation and v is the stoichiometric coefficient of dissocia-
tion, describing the numbers of ions that result from the dissociation of one
salt molecule. For a complete dissociation (o« = 1) of a salt consisting of
one anion and one cation (e.g., sodium chloride) v = 2, the term reduces
to AlNp ¢ = 2RT - (cc — ¢p). The diluate concentration ¢p in RO is often
negligible. ANp ¢ then only depends on the concentration reached on the
concentrate side and the temperature.

For a typical seawater concentration of 35.000 ppmrps and a water recov-
ery of 50%, cc reaches 70.000 ppmtps, resulting in an osmotic pressure of
Alp ¢ ~ 59 bar [Dave2018]. Since RO was developed for seawater desali-
nation, the maximum pressures are around 80 bar, which is high enough
to overcome AMp - [Dave2018]; [Frit2007]. So-called high-pressure RO
(HPRO) can reach up to 150 bar, or in extreme cases up to 200 bar, rendering

it applicable to industrial brines with salt concentrations higher than sea-
water [Dave2018]; [Raut2000]. To achieve ZLD or produce pure salts, RO
or HPRO can be coupled with thermal processes such as MVC or brine

crystallization [Tong2016].

RO was developed for seawater desalination, where the required ion re-
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jections are high. In RO, only water can permeate through the membrane.
All ions are rejected to a high degree due to size exclusion. Thus, selec-
tivity between different salts is not possible with RO. For certain applica-
tions, membranes with lower rejections and higher water fluxes are of inter-
est. These membranes are commonly known as Nanofiltration (NF) mem-
branes [Bake2004]. In NF, the rejection depends both on size exclusion
and charge exclusion [Bake2004]. Multivalent ions are typically rejected
to a higher degree as a result of Donnan exclusion caused by the (mostly
negative) charge of the membrane material [Scha1998]. Monovalent ions
pass through the membrane, which enables the separation of monovalent
and bivalent salts. The pressures for NF are generally between 3—30 bar.
NF has proven useful for applications where selectivity between salts or
between salts and an organic component is desired.

2.1.3 Electro-membrane Processes

RO and NF are pressure-driven processes in which the bulk phase per-
meates preferentially through the membrane while the solutes are re-
tained. Membrane processes that instead directly remove ions from the
bulk phase can be more energy efficient, especially at low ion concen-
trations [Gene2021]. Additionally, they typically require less pre-treatment
of the feed solution. So-called electro-membrane processes feature ion-
exchange membranes (IEMs, see Chapter[2.2) and use an electric field as
the driving force for ion transport. In addition to the energy advantage at
low concentrations, these processes can employ the inherent selectivity of

|IEMs [Luo2018].

Electrodialysis (ED) is the most common electro-driven membrane pro-
cess. Two electrodes (anode and cathode) are placed on either side of
a stack of IEMs. The IEMs are arranged in an alternating pattern: an
anion-exchange membrane that allows the passage of anions is followed
by a cation-exchange membrane that allows the passage of cations. The
feed solutions flow through membrane spacers between the IEMs. An elec-
tric current is applied to the electrodes, and two electrochemical reactions
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Figure 2.1: lon transport in an ED module. Due to the arrangement of AEMs and
CEMs diluate (D) and concentrate (C) channels are formed. Splitting of water into
oxygen and hydrogen is a typical redox reaction at the surface of the electrodes in
the electrode rinse (ER) solution.

(anode: oxidation, cathode: reduction) occur. The reactions convert the
electric current of the external circuit into the movement of ions in the cell.
Due to the arrangement of the IEMs, half of the feed solution channels lose
their anions and cations to the neighboring channels, which gain ions from
both sides. This way, diluate channels and concentrate channels emerge.
Typically, the feed solutions are not in direct contact with the electrodes.
Instead, a third feed solution is used as a so-called electrode rinse solution
in which the electrochemical reactions occur. This solution is circulated
around the cell from one electrode to the other. A typical ED module is
shown in[Fig.[2.1]

The conversion of an electric current to an ionic current in the cell is not
perfect. Current efficiencies are typically below 90%; the additional cur-
rent is lost as overpotential for the electrochemical reactions [La C2018];
[Kim2017]; [Sun2022]. ED is an established process in industry that can be
easily scaled by stacking up to 500 membranes in a plate-and-frame mem-
brane module [Camp2018]; [Stra2004]. ED is more energy-efficient than
RO at low salt concentrations; however, at seawater concentrations, RO
is more efficient [Pate2021]; [Gene2021]. The lower efficiency and higher
cost of IEMs compared to RO membranes lead to a small share of ED in

the worldwide desalination capacity. Especially for seawater desalination,
where high capacities are needed, ED is not competitive [Pate2021].

However, ED has several advantages that make it valuable for application
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in industrial brine treatment. Because the ions and not the water move
across the membrane, ED does not have to overcome the osmotic pressure
of the solution. This means that high concentrations (that are impossible
with classical RO) can be reached and that ED can replace technologies
such as HPRO or MVC. Typically, multi-stage ED processes are used, and
the concentrate can be used as feed to a crystallization unit. This enables
the application of ED in the context of ZLD or salt recycling. High pres-
sures and phase changes are omitted, leading to a lower energy demand
than MVC. [Sun2022]; [Yan2019]; [Jian2014]. Work by Zhang et al. high-
lights the advantages of ED in brine treatment: they used a three-stage

process with monovalent selective IEMs in the first stage to treat RO con-
centrate. This enables the production of a sodium chloride (NaCl) brine
with a relatively high purity and a concentration high enough for subse-
quent crystallization.

Furthermore, ED allows better control over fouling and scaling than RO. In
so-called Electrodialysis Reversal, the polarity of an ED stack is changed
at regular intervals, allowing the removal of colloid material and precipita-
tions from the membrane surfaces [Stra2004]. Thus, the feed pre-treatment

requirements for ED are lower than for RO [McGo2014].

Capacitive desalination processes can be even more energy efficient than
ED. Here, no reactions take place at the electrodes. Instead, ions move
in the electric field, forming electric double layers (see Chapter [2.3) at the
electrode surfaces. Capacitive deionization (CDI) has been known since
the 1960s and has received increasing attention through the integration
of IEMs into the process in Membrane Capacitive Deionization (MCDI)
[Ande2010]; [Oren2008]; [Pora2013]; [Suss2015]; [Ahme2018]. MCDI can-
not be used for high salt concentrations, but it is beneficial for the desali-
nation of brackish waters or as a polishing step. So far, there are only a
few applications of MCDI on a pilot or industrial scale [Xing2020]. More
information on Capacitive Deionization and MCDI is given in Chapter [2.4]
after the theoretical foundations of IEMs and the electric double layer are
introduced.
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In summary, there are several different processes for desalination and salt
concentration. In many applications, membrane processes are replacing
thermal processes because of improved energy efficiency. The demand
for seawater desalination is expected to increase worldwide due to popu-
lation growth and climate change. From today’s technological perspective,
membrane processes (especially RO) will mainly satisfy this demand. In
the future, thermal processes will only be used for seawater desalination
in places where enough energy is readily available. Treatment of industrial
brines will increase in the future as a result of regulatory demand and lim-
ited resources [Tong2016]. This leaves a niche for membrane processes
like ED, which can deal with high salt concentrations and offer selectivity
between different salts. Younger technologies such as MCDI offer distinct
advantages over ED in specific cases and have the potential to further re-
duce the energy demand for desalination and concentration.

2.2 lon-exchange Membranes

lon-exchange membranes (IEMs) are an integral part of electro-driven
membrane processes, since they allow the separation of a feed solution
into a diluate and a concentrate. IEMs are a particular form of ion-exchange
material. These are any materials that allow the replacement of ions in
a solution with different ions of the same charge. Some naturally occur-
ring materials (e.g., zeolites in soil) can act as ion exchangers. The first
synthetical zeolites for ion exchange were developed at the beginning of
the 20th century. They were used to remove potassium from sugar juices
and to soften water. Today, the most common ion-exchange materials are
based on cross-linked polystyrene with different functional groups and are
used in different applications (e.g., ion chromatography, water softening,

and preparation of ultrapure water). [£ago2007]; [Kuma2013]

IEMs are effectively ion-exchange resins in the form of a thin film
[Stra1995]. They typically consist of a polymer matrix with charged fixed
groups. Only counterions with a charge opposite to that of the fixed groups
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can pass the membrane, while co-ions with the same charge as the mem-
brane are rejected [Xu2005]. Ceramic IEMs exist, but polymeric IEMs
dominate the market and are widely used in electrochemical processes
[Link2001]; [Chen2023]. They can be divided into anion-exchange mem-
branes (AEMs) and cation-exchange membranes (CEMs). AEMs contain
positively charged chemical fixed groups (e.g., —NH;", —NRH;", —NR;") and
allow anions to pass through the membrane. Cations are rejected. CEMs
contain negatively charged fixed groups (e.g., —SO;, —CO0~, —P02™) that

allow passage of the cations. The exclusion of co-ions from the IEM ma-
trix due to fixed groups of the same charge is known as Donnan exclusion
[Donn1911]; [Stra1995].

Research on IEMs dates back to the fundamental work of Ostwald in the
1890s and Donnan in the 1910s [Ostw1890]; [Donn1911]. Meyer and
Strauss were the first to suggest a separation process based on the alter-
nating arrangement of IEMs [Meye1940]. However, technical realization at
the time was difficult due to the lack of membranes with suitable character-
istics. Developing stable, selective IEMs with low electrical resistance was

necessary to enable ED as an industrial process. Breakthrough research
in this field was conducted by Juda and McRae at lonics Inc. and Winger
et al. at Rohm and Haas [Judai1950]; [Wing1953]. Another milestone was
the development of Nafion® material for CEMs by the company DuPont.
These membranes have found applications in chlor-alkali electrolysis, fuel

cells, and electrolyzers.

Today, IEMs are indispensable for processes in water treatment and for
electro-membrane processes at the center of a new low-carbon economy,
e.g., water electrolysis for hydrogen production, chlor-alkali electrolysis or
CO, reduction [Chen2023]. Electrodialysis is the primary water treatment
process that utilizes IEMs, but it also finds a multitude of different ap-
plications in chemical or food industries. Bipolar membranes consisting
of an anion-exchange layer and a cation-exchange layer have been re-
searched since the 1950s and have found application mainly in the pro-
duction of acids and bases from salt solutions [Fril1956]; [Naga1977];
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[Parn2021]. Due to the variety of applications that depend on IEMs, they
are researched extensively. The main goals are to make IEMs cheaper,
lower their electrical resistance, improve their stability, and reduce the foul-

ing propensity [Jian2021].

In many processes, counterion selectivity is an essential characteristic of
|IEMs [Luo2018]. lon transport through membranes is a complex topic; only
a basic overview is given here. The research on monovalent selective IEMs
that block multivalent counterions is summarized in reviews by Sata et al.
[Sata2000]; [Sata2002]. The transport rate of counterions through a mem-
brane depends on the concentration in the bulk liquid, the mobility of the
ions, and the ion-exchange selectivity [Luo2018]|; [Stra2004]. The mobility
of ions is influenced by the size of ions and their hydrated radii. Larger
hydrated radii slow ion transport. lon-exchange selectivity is caused by
electrostatic interactions between the counterions and the fixed ions in the
membrane. lons with higher valency generally have a higher ion-exchange
selectivity [Stra2004]. Building on the work of Sata et al. and Strathmann
et al., Luo et al. give ranking orders for the transport of ions through AEMs

and CEMs (with fixed sulfonic groups) [Sata2000]; [Stra2004]; [Luo2018]:

AEMs : I~ > NO;y ~ Br~ > NO; > CI~ > SO~ > F~
CEMs : Ba*™ > Sr** > Ca*™ > Mg®™ > H" > Cu*" = Zn*" ~ Ni** (2.3)

> KT > Nat > Lit > Fe3t

In this thesis, selectivity between NO;” and F~ is important for the real-world
application of FCDI in Chapter[d] As shown in[Eq.[2.2} NO; is preferentially
transported when both ions are present in a solution.

2.3 Electric Double Layer

The term Electric Double Layer (EDL) describes a phenomenon at the
boundary between electrodes and an electrolyte solution. Under the in-
fluence of the electric field, oppositely charged ions (counterions) from the
electrolyte solution accumulate on the electrode surface. The regions of
excess charge balance each other so that the interfacial layer as a whole is
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electrically neutral. [Bock2000]

Different models were introduced to describe the EDL. The first EDL model
by Helmholtz dates back to 1853 [Helm1853]. In this model, the counteri-
ons at the surface fully neutralize the surface charge of the electrode. Thus,
the electric field is restricted to a monolayer at the surface. The monolayer
of anions at the surface of an anode and the potential predicted by the
Helmholtz model are shown in (a). The potential v decreases lin-
early from its initial value at the surface (x = 0) to zero within the width of
the monolayer (x = x;). This first model neglected the diffusion and ther-
mal movement of the ions in the electrolyte, which play an important role
in boundary layer processes [Bock2000]; [Wang2011]. Gouy and Chap-
man, independently from each other, developed a different EDL model (GC
model) [Gouy1910]; [Chap1913]. Their model accounts for the motion of
ions by diffusion. The counterions are attracted to the electrode surface but
at the same time expelled due to the thermal movement [Pora2013]. This
movement leads to the formation of a diffuse boundary layer. The potential

within this layer is described by [Eq.[2.4][Bock2000].

V(x)=Vp-exp "~ (2.4)

The GC model is shown in (b). The concentration of counteri-
ons decreases with increasing distance from the electrode surface and
the potential v decreases according to [Eq.[2.4, The GC model assumes
a continuous charge distribution, thus disregarding the molecular nature
of the ions in the electrolyte solution. This leads to problems in systems
with high surface potential ¥, and high ion concentration. For such a sys-
tem, the GC model predicts ion concentrations in proximity to the surface,
which are impossible in reality, because ions are not ideal point charges
but have a radius and cannot be closer to the surface than their radius
[Bard2000]. Stern solved this problem by combining the Helmholtz and
the GC model. In the so-called Gouy-Chapman-Stern (GCS) model, the
EDL consists of two different regions: a thin double layer (Stern layer) at
the surface and a diffuse GC layer [Pora2013]. The potential predicted
by the GCS model is shown in (c). In the Stern layer, the de-
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Figure 2.2: (a) Helmholtz model: the positive charge of the electrode is com-
pensated by a monolayer of anions at the electrode surface. (b) Gouy-Chapman
model with a diffuse layer at the electrode. (c) Gouy-Chapman-Stern model with
Stern plane at distance x,. (d) Modified Donnan model for overlapping EDLs in
micropores. The depiction of (c) and (d) is adapted from [Bies2014].

crease of the potential is linear. In the diffuse layer starting at the distance
xy, the potential is characterized by [Eq. 2.4 The GCS model has been
used in the description of Capacitive Deionization systems [Bies2009al];
[Bies2009b]. It assumes that EDLs can extend freely into the solution.
This assumption creates issues in systems with microporous carbon elec-
trodes. The micropores have a size range similar to that of the diffuse
layer of the EDLs, suggesting that the EDLs within the micropores are
highly overlapping. To account for this, Biesheuvel et al. developed a new
model based on the Donnan model to describe the ion concentration in
the micropores [Bies2011]. They called this the "modified Donnan (mD)"
model, since they included a Stern layer at the surfaces of the microp-
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ores and a term for the chemical attraction that occurs in an uncharged
system. The mD model is shown in [Fig.[2.2](d). The figure shows the dif-
ferent behavior of the potential in the pore space. Contrary to the GCS
model, the potential in the mD model does not decrease to the level of the
external solution. The mD model gives a good representation of the ion
storage in micropores and is today mostly used for modeling of EDLs in
literature [Hemm2015]); [Romm2018]; [Romm2020a]; [Shi2023].

2.4 Capacitive Deionization

Capacitive Deionization (CDI) is a desalination process that utilizes an elec-
tric current to remove ions from a feed solution. CDI is based on the Elec-
tric Double Layer (EDL) principle introduced in Chapter 2.3, Research on
CDI began in the 1960s with the work of Blair, Murphy, Arnold, and Cau-
dle [Blai1960]; [Arno1961]; [Murp1967]. Today, CDI has been applied by
researchers on a pilot plant scale and has been commercialized by compa-

nies like Voltea Inc., Dallas [Welg2005]; [Moss2013]; [Xing2020].

A CDI desalination module, in its simplest form, consists of two electrodes

with a large specific surface area facing each other so that an electric field
can be built up. The surface area is provided by highly porous materials,
mostly activated carbon. The operation of a CDI module usually begins
with a desalination step: a feed solution is pumped into the module and
flows between the two electrodes. A voltage is applied to the electrodes,
and the ions in the feed solution start to move in the electric field, as shown
in (a). The anions move to the anode, and the cations move to the
cathode, where they are stored in the EDLs at the electrode surfaces. The
ion concentration at the module outlet is lower than the concentration at the
inlet. Eventually, the EDLs at the electrode surfaces are saturated and can-
not store more ions. Thus, the outlet concentration starts to increase again.
A regeneration step is necessary to release the ions from the EDLs. This
can be done by reducing or reversing the voltage. In the regeneration step,
the ions are transferred from the electrode surfaces into the bulk liquid, and
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a solution with a higher concentration is generated. [Ahme2018]

The two operation steps render the process ideally reversible as long as no
chemical reactions occur, allowing CDI modules to have a long lifetime and
require little maintenance [Pora2013]. However, the two steps also lead
to discontinuous diluate output, which is a major disadvantage of the pro-
cess [Oren2008]|; [Pora2014]. Furthermore, during the regeneration step,
oppositely charged ions move into the EDLs at the surface. This unwanted
transport (in (a) shown with dashed arrows) reduces the storage
capacity of the EDL and leads to longer regeneration times.

The problem of unwanted charge transport during regeneration can be
solved by introducing ion-exchange membranes (IEMs) to the process. As
described in Chapter[2.2], IEMs allow either cations or anions to pass. Thus,
they can effectively prevent the transport of oppositely charged ions into the
carbon matrix during regeneration. An anion-exchange membrane (AEM)
is placed at the surface of the anode, and a cation-exchange membrane
(CEM) is placed at the surface of the cathode. During desalination, an-
ions can pass through the AEM and adsorb in the carbon matrix. During
regeneration, they are expelled and pass through the AEM back into the
solution. However, cations can no longer adsorb at the anode during the
regeneration step, as the AEM prevents them from entering the carbon ma-
trix. The application of membranes to a CDI module was first described in
a patent by Andelmann [Ande2004]. This form of CDI was called Mem-
brane Capacitive Deionization (MCDI) and was studied by different groups
of researchers, all reporting an enhancement in the salt removal capability

[Lee2006]; [Li2008]; [Zhao2012]. The desalination and regeneration steps
of MCDI are shown in|Fig. [2.3| (b).

However, the problem of discontinuous output of CDI persisted. An in-
teresting solution to this problem was offered by Porada et al. in 2012.
They used conductive rods with a thin porous carbon electrode layer at

the surface (some rods were also fitted with membranes), which were al-
ternately dipped into a freshwater and a brine compartment. When the
rods were dipped into the freshwater compartment, the potential was ap-
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plied so that the ions could be stored in the EDLs of the rods. The poten-
tial was turned off in the brine compartment, allowing the ions to migrate
back into the bulk solution. The researchers stated that this setup could
be scaled up and eventually lead to continuous output from a CDI or MCDI
system [Pora2012].

However, the breakthrough in continuous capacitive deionization tech-
nology came in 2013 with the development of Flow-electrode Capacitive
Deionization (FCDI) [Jeon2013]. Here, flow electrodes are used to facilitate
the parallel adsorption and desorption of ions to the electrodes. The des-
orption step can occur in a second FCDI module as shown in (c),
or the two modules can be combined in a single module with a diluate and
a concentrate channel as shown in (d). FCDI is described in more
detail in the next chapter.

8  Desalination b Desalination
A

-

Dil

Regeneration Regeneration
-+ -+

Figure 2.3: Operating principle of capacitive deionization processes. (a) CDI mod-
ule during desalination and regeneration. Adsorption of oppositely charged ions
during regeneration is shown by dashed arrows. (b) MCDI module during desalina-
tion and regeneration. (c) FCDI in a two-module setup with desalination occurring
in the left module and concentration in the right module. (d) FCDI in a single-
module setup with an AEM-CEM-AEM module configuration.
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2.5 Flow-electrode Capacitive Deionization

Continuous capacitive deionization was presented by Jeon et al. in 2013
[Jeon2013]. They replaced the static electrodes in MCDI with flow elec-
trodes and termed the process Flow-electrode Capacitive Deionization
(FCDI). In the past ten years, this process has attracted growing academic
interest [Zhan2021].

In FCDI, the pumpable flow electrodes enable simultaneous desalination
and regeneration of the electrode material. Regeneration can be performed
in a second module as shown in (c). Desalination is done in
the first module, while flow electrode regeneration (and concentration of
the feed solution) occurs in the second module [Gend2014]. In this case,
each module consists of three compartments: the spacer channel for the
feed solution and two flow electrode channels. Two IEMs per module are
needed, one AEM and one CEM. Rommerskirchen et al. used a single-
module layout in which desalination and concentration occur in the same
module as shown in [Fig. [2.3] (d). With this layout, they showed the ap-
plicability of FCDI for high salt concentrations, rendering FCDI a valuable
addition to existing processes for treating industrial wastewater with high

salt concentrations [Romm2015]; [Romm2020b].

In a single-module FCDI setup, two feed solutions enter the module and

are separated by one IEM. Two additional IEMs are used on the other side
of the two solutions to separate them from the flow electrodes. Thus, less
material is used in a single-module setup. While a two-module setup needs
four current collectors and four IEMs, a single-module setup only needs two
current collectors and three IEMs. All work presented in this thesis is con-
ducted with a single-module FCDI setup. An overview of the integral parts
of the FCDI process is shown in and discussed in the following
sections.
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2.5.1 Flow Electrodes 2.5.2 Current Collectors

2.5.3 lon and Water 2.5.5 Metrics

Transport

Desalination
2.5.4 Applications

Figure 2.4: Overview of key elements of key elements of the FCDI process that
are discussed in the following sections.

2.5.1 Flow Electrodes

Flow electrodes are a crucial component of FCDI. Electrodes consisting of
active materials in a flowable liquid are also known from other processes,
such as redox-flow batteries (RFBs). RFBs store energy in dissolved redox
pairs. These components are electrochemically active and undergo redox
reactions at the electrodes [Wang2013]. However, in FCDI, the flow elec-
trodes must not participate in electrochemical reactions. The inertness of
the flow electrodes is an important prerequisite for the successful opera-
tion of FCDI. Instead, flow electrodes need to provide a large surface area
for the adsorption of ions. This is achieved by suspending particles with a
large specific surface area in a liquid. Such flow electrodes (or slurry elec-
trodes) have been known since the work of Kastening et al. [Kast1988];
[Kast1997]. They used activated carbon particles to carry charges from an
electrode to a reactor. Presser et al. applied slurry electrodes to energy
storage in a concept called an electrochemical flow capacitor [Pres2012].

The particles in flow electrodes are charged by contact with static current
collectors and by the formation of charge percolation networks [Hatz2017].
The charge causes the ions to move to the surfaces of the porous particles,
where they are stored in the electric double layer (see Chapter[2.3).
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In early FCDI research, flow electrodes with suspended activated car-
bon particles were used [Jeon2013]; [Gend2014]; [Pora2014]. Not
only were activated carbon flow electrodes known from the work of
Kastening et al., activated carbon is also mainly used as electrode
material in CDI. In the past ten years, work on flow electrodes
has been a significant part of FCDI research [Zhan2021]. = Some
researchers focused on a better understanding of charge transfer
in flow electrodes [Hatz2017]; [Dixi2019]; [Loha2019]; [Padl2024]. Other
researchers investigated different carbon-based materials [Hatz2015];
[Tang2019]; [Fola2022]. Flow conditions and mass loadings were inves-

tigated in simulations and experimentally [Romm2019]; [Heid2021].

Generally, mass fractions of the particles in the flow electrodes are limited

at ~ 25wt%, due to the increase in viscosity and the risk of clogging. Sev-
eral publications deal with the enhancement of flow electrodes through the
modification of carbon-based particles or conductive additives (e.g., carbon
black). These materials can improve the conductivity and capacity of flow
electrodes. [Hatz2015]; [Xu2017]; [Yang2017]; [Tang2019]; [Akuz2020];
[Wang2021b]; [Awan2021]; [Fola2022]; [Wang2022]; [Zhan2023];
[Yan2023]. The actual contribution of capacitive storage to ion removal
in FCDI is the subject of debate, since Ma et al. found that suspensions of
carbon black particles with low surface area but high conductivity outper-
formed regular flow electrodes based on activated carbon [Ma2020b]. The
charge transfer from the current collectors to the flow electrode particles

can also be enhanced with organic redox couples, like benzoquinone/hy-
droquinone. However, these redox mediators pose the risk of contamina-
tion of the product water [Ma2016]. Non-toxic redox mediators such as
iron salts might be better suited for freshwater applications [Frei2024]. In
so-called intercalation materials, ions can be stored in interstitial sites in
a crystal lattice. These materials can be used in CDI (the system is then
sometimes referred to as battery desalination) [Xu2020]; [Sing2019]. Some
researchers have also used these materials in flow electrodes [Chan2019];

[Xu2021c].
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Optimization of flow electrodes also needs to take into account the effect
of the electrolyte. The conductivity of the particle suspension is low, mainly
if no conductive additives are used. To increase the conductivity, salts are
added to flow electrodes as background electrolytes. To avoid contami-
nation, salts that are also present in the feed solutions should be used.
Concentrations should be tailored to avoid increased water cross-over due

to osmosis (see Chapter[2.5.3) [More2018].

Although flow electrode engineering is an integral part of FCDI research,
this thesis is more concerned with the scale-up of FCDI modules. Thus,
the same activated carbon is used in all experiments; the mass fraction is
kept constant at 15 wt%, and only electrolyte concentrations are adapted
to the specific separation task. However, the FCDI current collectors and

modules presented in this thesis could be used with any optimized flow
electrode system to harvest benefits such as improved conductivity or in-
creased charge capacity.

2.5.2 Current Collectors

Current collectors are elements used in different electrochemical cells.
They are typically used to establish electrical contact between the electrode
(at which the electrochemical reaction occurs) and the external electrical
circuit [lto2012]; [Zhu2021]. Current collectors for flow electrode processes
differ from those used in other applications such as fuel cells or batteries.

Because the electrode is not a solid but a suspension of particles, cur-
rent collectors typically feature a flow channel to guide the flow electrode
through the electrochemical cell.

The contact resistance between the particles and the current collector sig-
nificantly influences the overall resistance to charge transfer, as demon-
strated by simulations [Heid2021]. After being charged, the particles attract
ions, which are stored in the electric double layer at the particle surface.
Dennison et al. conducted a study on an electrochemical flow capacitor
to examine how resistance and conductance are affected by the channel
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depth and flow rate. They found that approximately 40 % of the cell’s re-
sistance originated from fixed resistances of current collectors and the in-
terfacial resistance between the current collector and the flow electrode.
Furthermore, they emphasized the interdependence of flow electrode com-
position and module design [Denn2014]. This highlights the importance of
current collectors for the FCDI process.

To date, the investigation of FCDI has primarily been conducted at a labo-
ratory scale. However, when attempting to scale up the process, the sig-
nificance of current collectors becomes increasingly apparent. Unlike ED,
where additional IEMs can be added between the electrodes to scale up the
system, this approach is not feasible for FCDI as it would result in the accu-
mulation of resistances and potentially require an increase in electrode volt-
age, which could surpass the threshold for water splitting (see Chapter [3)
[Zhan2021]. Therefore, alternative methods are required for scale-up. An
approach proposed by Cho et al. involves using a porous three-dimensional
lattice structure that allows the flow of both the flow electrode and feed solu-
tions [Cho2017]. Such three-dimensional current collectors were also used
in the form of metal meshes or foams [Zhan2022a]; [Zhan2024]. Another
demonstration by He et al. achieved scale-up through a tubular FCDI mod-
ule [He2021]. However, most researchers use plate- and frame-type mod-
ules for FCDI scale-up. In this case, stacking, similar to ED modules, can
be employed. However, in FCDI, not only do IEMs need to be stacked but

the flow-electrode channels and current collectors must also be repeated.
Consequently, current collectors bear a resemblance to bipolar plates uti-
lized in electrolyzers or fuel cells.

Graphite plates are commonly used as current collectors in FCDI. They
meet all necessary criteria: they are electrically conductive, chemically in-
ert in salt solutions, can be easily machined, and are not too expensive.
However, they are not suitable for stacking. The graphite is brittle and sus-
ceptible to breaking; thus, thick plates are needed to achieve mechanical
stability. Furthermore, machining the flow channels does cause significant
costs. For these reasons, alternative current collector architectures have
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been investigated in the past. Xu et al. used so-called membrane-current
collectors (MCCs) in which a titanium mesh is combined with the ion-
exchange membrane [Xu2021b]; [Xu2021a]. Chen et al. coated graphite
current collectors with polyaniline to reduce surface roughness and ohmic

resistance at the interface between the current collector and the flow elec-
trode [Chen2022]. Li et al. used additional carbon felts in their modules and
achieved a 63 % increase in salt removal rate [Li2024]. In the past, our group
has developed membrane-electrode assemblies (MEAs), in which the IEM
is hotpressed to a carbon fiber fabric (CFF) [Linn2020]. In this case, the
membrane and the current collector are combined in a single part, with the
CFF acting as functional reinforcement. Thus, thinner membranes could be
used. Chapter [3| of this thesis deals with the implementation of MEAs in a
pilot-scale FCDI module. Chapter 5| deals with the comparison of graphite
plates and MEAs with a newly developed current collector.

2.5.3 lon and Water Transport

FCDI depends on the movement of ions in an electric field between the cur-
rent collectors. However, ion transport also always entails water transport
due to the hydration shells of the ions that are moved. Hydration shells form
as a result of the dipolar nature of the water molecules and cluster around
the charged ions. The number of water molecules in the hydra-
tion shell varies for different ions [Impe1983]. As discussed in Chapter 2.2}
the hydration shell influences the transport of ions through IEMs. lons with
larger hydrated radii are typically less mobile and thus less likely to cross
the IEM. This is an important factor in the selectivity of IEMs between ions

of equal charge [Luo2018].

Generally, water transport counteracts the desired desalination/concentra-
tion in FCDI. lons move from diluate to concentrate. The water that is trans-
ported with the ions leads to a lower concentration in the concentrate and
a higher concentration in the diluate. Furthermore, water transport across
IEMs can also occur due to osmosis. If there is a concentration difference
between the solutions on either side of an IEM, water will cross from the
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solution with the lower concentration to the solution with the higher con-
centration. The difference in osmotic pressure between two solutions can
be calculated with [Eq.[2.1] Water transport can be influenced by the ion-

exchange membranes used [Pora2018].

In FCDI, the extent of osmotic water transport is different for a single-
module setup than for a two-module setup. In a two-module setup, each
feed solution only comes into contact with the flow electrodes; therefore, if
the electrolyte concentration in the flow electrode is correctly set, osmotic
water transport between the feed solutions and the flow electrodes can be
minimized. In a single-module setup, the feed solutions come into contact
not only with the flow electrode but also with each other. Since the goal
of the FCDI process is to increase the concentration in one solution and
decrease the concentration in the other, there will always exist a concen-
tration difference that leads to osmotic water transport. This becomes a
problem at high concentration differences, i.e., if the aim is to completely
remove salt from the diluate feed stream or if high concentration factors are
demanded on the concentrate side.

2.5.4 Applications

Since the first mention of FCDI in 2013, the process has been applied to a
multitude of possible applications. In theory, FCDI can be used in the same
applications as CDI or ED. Most researchers use sodium chloride solu-
tions at seawater or brackish water concentrations to test FCDI modules
[Chun2020]. Some examples of other applications are given in Table 2.1
This overview is not comprehensive, but showcases the variety of problems
that can be approached with FCDI.

Most researchers focus on applications with low salt concentrations, which
could also be treated with CDI. Rommerskirchen et al. showed that FCDI
can also be used to target high salt concentrations [Romm2020b]. They
conducted experiments with feed solutions that were in the range of indus-
trial brines (60 gnaci/L and 120 gnaci/L). These are concentrations in which
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Application Feed Solution Source
Ammonia recovery 20 TE% NH, Cl [Fang2018
Nitrate Removal, Ammonia recovery Synthetic groundwater [Sun2023
Phosphorus removal 50 — 150 722 NaH» PO, [Zhan2020a
Fluoride removal 500 — 1500 7% NaCl 457 NaF | [Jian2022
Heavy metal removal Synthetic groundwater |]M8.201 9
Heavy metal removal 650 & NaySO4 + 240 7 CuSO4 | [Zhan2020b
Heavy metal removal 250 — 1000 & KCI 43 7€ Cr(VI) | [Dong2021
Lithium extraction 1—100 7 LiCl [Ha2019
Brackish water softening 2000 & NaCl +0.15 %& CaCh [He2018

Table 2.1: Examples of FCDI applications from literature.

FCDI no longer competes with CDI, but mainly with technologies such as
High-pressure Reverse Osmosis or Electrodialysis (see Chapter 2.1). So
far, the research on FCDI applications has been done on lab scale. The
amount of desalinated or concentrated solutions is typically in the range of
milliliters to liters. It is important to bring the FCDI process from the lab
scale to an industrially applicable scale to compare it to other established
technologies. An overview of concepts and designs for scale-up is given in
Chapter[3

2.5.5 Metrics for FCDI

For every technology in development, it is important to define a uniform set
of metrics that are used to compare the performance of the process. In
the field of Capacitive Deionization, most research groups use the metrics
described by Suss et al. and Hawks et al. [Suss2015]; [Hawk2019]. These
metrics are commonly understood by other researchers. The metrics can
also be applied to FCDI.

In this thesis, Current Efficiency (CE) and Average Salt Transport Rate
(ASTR) are used to evaluate the results from FCDI desalination/concen-
tration experiments. If not stated otherwise in the Experimentals section
of a chapter, potentiostatic experiments are conducted with a voltage of
1.2V at the current collectors, and feed solutions with concentrations of
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cr = 60gL~! sodium chloride (NaCl) are used for diluate and concentrate.
CEs are calculated according to with the valence of the salt z,;
(zsar = 1 in the case of NaCl), the Faraday constant F, and the number of
cell pairs n,. The current / is the average current in the sampling time and
M, is the molar mass of the salt used in the experiment. The salt mass
flux Amg, can be calculated through a mass balance around the concen-
trate or diluate channels. These mass balances are decoupled from each
other by the flow electrode compartment. Typically, the results of these in-
dependent mass balances will vary. Thus, individual CEs for diluate and
concentrate are calculated and averaged. The same procedure is applied
to the average salt transfer rate (ASTR), calculated according to [Eq. [2.6]
The average salt mass flux is divided by the active membrane area in-
stalled in the modules A.em or- This has the advantage that, once the salt
mass flux for an application is known, the necessary membrane area can
be calculated directly from the ASTR.

CF — Zoalt - F - Amgyy

(2.5)

Nep - [+ Mgyt
Amsalt

ASTR =

(2.6)

Amem,tot : Msalt

Although CE and ASTR are generally understood in the field of work, a
comparison to the work of other researchers remains complicated due to
the variety of salts and feed concentrations used in the experiments. A
lower feed concentration leads to lower conductivity in the FCDI cell and
lower currents. This shows the need for a widely agreed standardized ex-
periment to compare the performance of different modules.

The aim of an FCDI experiment is often to reach certain concentrations
on the diluate and concentrate side. For this reason, outlet concentrations
normalized by the feed concentration cr are also included in the evaluation.
These values directly show whether a certain target (e.g., desalination to
¢ = 0.1c¢) was reached. Normalized concentrations are accessible met-
rics that are also easy to communicate to people outside the CDI research
community. However, normalized concentrations must be treated carefully,
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due to the water transport that occurs in conjunction with ion transport (see
Chapter 2.5.3). Some simple examples can be used to show the impact
of water transport on normalized concentrations: a simplified FCDI exper-
iment (EO1) is run with ¢rp = cr.c = 60gL!. Both feed flow rates are set
to 1mLmin~!. Outlet flow rates and concentrations are given in [Tab. [2.2]
The values are not taken from experiments, but they are chosen realisti-
cally. A normalized diluate concentration of cp/crp = 0.5 is reached. Intu-
itively one would assume a concentration degree of c¢/cr ¢ = 1.5. However,
this is not the case. Due to the significant water transport across the ion-
exchange membranes, the normalized concentration of the concentrate is
lower (cc/cr.c = 1.33). Results like these are always found in experiments.

Feed Output

Conc. Flowrate | Conc. Flowrate | c/cg  |Amyac| Current CE

[g/L]  [mL/min] | [g/L] [mL/min] | [-] [mg/min] [A]  []

E01 D | 60.00 1.00 |29.79 0.79 |0.50 36.34 1.00 1.00
C | 60.00 1.00 | 79.90 1.21 1.33 36.34 1.00 1.00

E02 D | 60.00 1.00 12.81 0.71 0.21 50.88 1.40 1.00
C | 60.00 1.00 86.09 1.29 1.43 50.88 1.40 1.00

£03 D | 60.00 1.00 13.94 065 |0.23 50.88 1.40 1.00
C | 60.00 1.00 | 82.40 1.35 1.37 50.88 1.40 1.00

Table 2.2: Evaluation of the normalized concentration c/cr in three thought exper-
iments.

Now, a second FCDI experiment (E02) is conducted with the same feeds
and an increased current of / = 1.4 A. The flow rates and concentrations at
the outlet are adjusted so that all mass balances are in check and CE = 1.
The ratio of water transport to ion transport is kept constant. The resulting
|mnaci] 1S 40% higher than in the initial example. The normalized diluate
concentration is 57 % lower than before (¢p/cr p = 0.21), but the normalized
concentrate concentration is only slightly improved (cc/ce ¢ = 1.43). This
shows that with more ion transport, the perceived "imbalance" shown in
EO1 increases. In reality, the effect would be even more severe, since the
ratio of water transport to ion transport would increase in the second exper-
iment because of osmosis. In example EOS this ratio is increased by 20 %.
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Now cc¢/cr ¢ is only slightly higher than in EO1. This is an extreme case,
but effects like this do happen in reality: Chapter [4] shows that cc/cg ¢ can
decrease with increasing voltage due to the competitive transport of two
different salts. Overall, the thought experiments highlight that in a system
with significant water crossover, normalized outlet concentrations should
be evaluated carefully and the analysis of an FCDI experiment cannot be
based on concentration differences alone.

2.6 Analytical Methods

The main method for the analysis of FCDI modules are desalination and
concentration experiments, as described in Chapter 2.5.5, In these ex-
periments, conductivity measurements are used to obtain online data. lon
chromatography is used to measure the ion concentration of samples taken
during experiments. In ion chromatography, the samples flow through a
column filled with an ion-exchange resin. Different species of ions inter-
act more strongly with the resin and take more time to pass through the
column. Therefore, the conductivity at the outlet of the column is time-
dependent with peaks for individual ion species. The peaks in the chro-
matogram can be used to calculate the concentrations of different species
of ions.

An in-situ method for the characterization of the FCDI or other electrochem-
ical cells is Electrochemical Impedance Spectroscopy (EIS). EIS can be
combined with wire mesh sensors (WMS), leading to locally resolved mea-
surements. In this thesis, this approach is used in Chapter [} Therefore,
EIS and WMS are described in the following sections.

2.6.1 Conductivity

Ohm’s law describes the relation between resistance R, voltage V and cur-
rent | as given in [EQ. [2.7, The reciprocal of R is called the conductivity G
[Schm2012]. The resistances depend on the distance d and the cross-
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sectional area A used for the measurement. Thus, the specific resistances
p and conductivities « can be calculated.

U 1
A
/{:G-% (2.9)

The conductivity of an electrolyte depends on the concentration. Conduc-
tivity measurements are often used to determine salt concentrations. Solu-
tions with a higher salt concentration generally have a higher conductivity.
The equivalent conductivity x., is obtained by dividing the conductivity by
the molar concentration ¢y, and the charge of a considered ion z. The to-
tal specific conductivity of a solution with different dissolved ions can be
calculated as the sum of the individual specific conductivities and the con-

ductivity of pure water x.rr (S€€[EQ.[2.11).

K

(2.10)

Kze —
q Cvm - Z

R = Zzi *CM,i * Reg,i + Kwater (21 1)

The Kohlrausch law given in is an empirical correlation of mo-
lar conductivity and molar concentration for low concentrations of strong
electrolytes (e.g., sodium chloride). k. Is the molar conductivity at
infinite dilution (i.e., in a situation without interaction between individ-
ual ions), and k is a coefficient that depends on the type of ions in
solution. [Schm2012]; [Bech2018]

Keq(CM) = Koo — k - \/Cm (2.12)

2.6.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a technique that can be
used to characterize electrochemical systems. In this chapter, EIS is briefly
introduced. For an in-depth explanation of the method, the reader of this

36



2.6. Analytical Methods

thesis is referred to standard literature (e.g., Bockris - Modern Electrochem-
istry). Impedance is the resistance to an alternating current in an electrical
circuit. In the case of potentiostatic EIS, a sinusoidal alternating potential
is applied to an electrochemical cell, and the resulting alternating current
responses are measured. The impedance Z is determined by calculating
the time-dependent ratio of voltage and current.

V(t)  Vo-sin(wt)

=70 " o sin(wt + )

(2.13)

The radial frequency w is calculated as w = 27 f with the frequency f. V\ is
the peak voltage and /y the peak current. [Bock2000]

Using Euler’s notation, [Eq.[2.13|can be reformulated to:
Z=-—2 =2 exp/® = Zy - (cos(¢) + jsin(¢)) = Z' + jZ" (2.14)

Z' represents the real part, the resistance to a current flow, and Z” repre-
sents the imaginary part, the capability to store electrical energy. A geo-
metric visualization of the impedance is given in the so-called Nyquist plot
in[Fig.[2.5/(a) [Wang2021a]. The imaginary part —Z" is plotted over the real
part Z'. The result is a vector of length |Z| and the angle of phase shift ¢.

During an EIS measurement, the voltage frequency is adjusted within
a wide range, typically spanning multiple orders of magnitude. The
impedances at these various frequencies are measured and represented
in a Nyquist plot. This allows the creation of an equivalent circuit model for
the electrochemical cell being tested. An equivalent circuit model consists
of basic components that can be connected in parallel or in series. Two
such components are shown in (b) and (c). The resistance, de-
noted as Zg, contributes only a real part to impedance and is not affected
by measurement frequency. On the other hand, the ideal capacitor exhibits
a frequency-dependent impedance given by Z- = MLC The phase shift of
the capacitor is —90°, with the impedance becoming infinitely large at low
frequencies and infinitely small at high frequencies.

There are more complex components that can be used to build equivalent
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Figure 2.5: Impedance shown in a Nyquist plot. (a) General concept of EIS visu-
alized by a vector with the length | Z| and the angle of phase shift ¢. (b) Impedance
of a single resistance R. (c) Impedance of a single capacitance C. (d) Impedance
of a Randles circuit with the solution resistance R, the charge transfer resistance
R.: and the double layer capacitance Cgp;.

circuit models. However, a more detailed description of these elements
would go beyond the scope of this thesis.

When electrical components are connected, Kirchhoff’s laws apply: in a
series connection, the impedance of two components is equal to the sum
of their impedances. In a parallel connection, the impedance of two compo-
nents is equal to the reciprocal of the sum of the impedances of the circuit
elements.

The Randles circuit, shown in [Fig. [2.5| (d), is a simple equivalent circuit
of an electrochemical cell with an interface between electrodes and an
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electrolyte. It comprises a parallel connection of the resistance R, and
the capacitor Cgp,. Additionally, this combination is connected in series
with a second resistance R,,. R is the charge transfer resistance of
the electrode-solution interface, R., is the solution resistance, and Cgp;
is the capacitance of the electric double layer (EDL, see Chapter
[Krau2007]. The behavior of the two resistances in the Randles circuit is
frequency-independent. At low frequencies, the capacitor has an infinitely
large impedance. The current follows the path of least resistance, flow-
ing through the resistance R.. The total impedance is the sum of R,
and R.. At high frequencies, the impedance of the capacitor becomes
infinitely small. The current follows the path of the capacitor. Thus, the total
impedance is the impedance of the resistance R.,,.

EIS has often been used to investigate slurry electrodes [Hoyt2018];
[Pete2015]; [Denn2014]. Rommerskirchen et al. and Kim et al. used EIS to
investigate FCDI modules [Romm2019]; [Kim2023]. The current collectors
are used as electrodes for the EIS measurement, and an equivalent circuit
model comprising all membranes and fluids is developed. The influence

of flow electrode composition, activated carbon particle size, and flow rate
on the FCDI process can be investigated. The results allow a comparison
of flow electrodes and operating conditions. However, the measurements
always describe the entire FCDI cell and not individual fluid streams in the
cell. To achieve this, wire mesh sensors can be applied to FCDI.

2.6.3 Wire Mesh Sensors

Wire Mesh Sensors (WMS) are a tool for the investigation of moving multi-
phase flows. WMS typically consist of two planes of wires arranged in a
grid (see a). These grids consist of a minimum of two wires, a
transmitter electrode and a receiver electrode. Usually, these wires are
positioned in two planes that are rotated 90° relative to each other. The
number of wires used in literature ranges from 8 x 8 to 128 x 128. The dis-
tance between the planes is usually between 0.35 mm and 3 mm, while the
wires within the planes are placed between 0.5mm and 15mm apart from
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each other. Smaller distances between the wire electrodes improve local
resolution.

The grid is placed in a liquid flow (or a two-phase flow), and the resistances
or capacitances at the crossing points between individual wires are mea-
sured. This enables a local resolution of the measured quantity. Switching
between measurement points is typically achieved with a fast multiplexer
circuit. Thus, time-resolved measurements are possible by performing mul-

tiple measurements successively. [Vela2015]

WMS were first described in a patent by Johnson and were used to mea-
sure the fraction of water in oil by determining the conductivity of the fluid
[John1987]. Different geometries of WMS are described in literature (e.g.,
radial, planar, yWWMS) [Klie2008a]; [[to2011]; [Dams2009]. In planar WMS,
the grids are replaced by flat electrodes in the form of printed circuit boards
(PCBs), which offer a wider range of designs. Ito et al. used a so-called
UWMS for measurements in a narrow rectangular channel. The wires are
placed parallel to the liquid flow or on both sides of the liquid flow. This
configuration creates a non-intrusive sensor mesh that is better suited for
measurements in thin channels [[to2011].

a b

5

Receiver
P~ _ Receiver
~" 5 g%
2 Transmitter
A ~N> ,
i N Transmitter
A

3

Figure 2.6: (a) Typical radial WMS used in pipes (adapted from [Vela2015]). (b)
HWMS used in narrow channels (adapted from [lto2011]).

WMS are mainly used for the evaluation of gas-liquid flow, because of the
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large difference in conductivity between gases and liquids. The size and
velocities of gas bubbles in a liquid flow can be evaluated [Vela2015]. How-
ever, the technique can also be applied to liquid-liquid flow (e.g., oil in wa-
ter) [Silv2007]; [Rodr2011]. Hohne et al. and Kliem et al. used WMS to
investigate the mixing of two coolant streams. They used a sodium chlo-
ride solution as a tracer in one of the coolant streams and investigated the

conductivity during mixing [H6hn2006]; [Klie2008b]. This is the only appli-
cation in literature where a salt concentration is measured with WMS.

Although WMS have shown good agreement with established methods and
can be used in various applications, they do have some limitations. A draw-
back is the invasive characteristic of most WMS geometries, caused by the
wires occupying sections of the fluid’s cross-sectional region [Vela2015].
This can result in a pressure drop or changes in fluid velocity. To mini-
mize this effect, the wire diameter should be as small as possible while
still being able to resist the drag forces of the flow. Another drawback is
the temperature-dependency of the measurements. When the fluid’s tem-
perature changes, its conductivity also changes, and the results differ. To
account for this, it can be useful to implement temperature sensors near
the WMS crossing points to record temperature data, which can then be in-
cluded in the evaluation of the results [Mane2003]. Placing mesh crossing
points too close to each other can result in cross-talk between sensors, af-
fecting the accuracy of the measurements [Vela2015]. In this thesis, WMS
are used to measure local and time-dependent salt concentrations in a
spacer channel.
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Chapter 3. Scale-up of Flow-electrode Capacitive Deionization

3.1 Introduction

Flow-electrode Capacitive Deionization (FCDI) is a rather young technol-
ogy, and its industrial application is still pending. So far, the technology
readiness level (TRL) of FCDI can be described as Level 4 - the technol-
ogy is thoroughly validated in a laboratory environment [Mank2009]. First
scale-up approaches towards TRL 5 are described in the literature: most
approaches use plate-and-frame type modules with stacked units similar to
Electrodialysis (ED) [Ma2020a]; [Yang2016]. ED is described in more detail
in Chapter[2.1] Xu et al. introduced an assembly of a membrane and a cur-
rent collector for FCDI [Xu2021b]; [Xu2021a]. Novel module concepts were

also investigated: He et al. demonstrated the possibility of a tubular module
[He2021]. Kim and co-workers introduced a three-dimensional system with
a honeycomb structure [Cho2017]; [Choo2019]. It is difficult to compare
the treatment capacity of these systems due to differences in experimen-
tal parameters. However, the highest feed flow rates are 40 mLmin~!, and
the total amount of salt removed is well below 100 mgmin~!. Zhang et al.

remarked in their review on FCDI that there is still a lack of systems with
a treatment capacity of up to 100Ld~! [Zhan2021]. To increase the scale
of FCDI, a layout for a stacked plate-and-frame module is developed and
tested.

3.1.1 Module Layout

For plate-and-frame-type FCDI modules with flat IEMs, components of
ED modules (especially membranes and spacers) can be used. In pre-
vious work by our group, we investigated different approaches to stack
plate and frame modules in FCDI with a membrane cross-section of 40 cm?
[Linn2022]. This work is used as a reference to evaluate the scale-up pre-
sented in this Chapter. The membrane area is first increased from 40 cm?
(lab scale) to 320cm? (pilot scale). Then a stacking concept is used to fur-
ther increase the total membrane area. The approach typically used in ED
is the stacking of many cell pairs between two working electrodes. This is
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Figure 3.1: Roadmap for FCDI scale-up: First, the active membrane area Apen IS
increased from 40cm? to 320cm?. Then stacking is used to reach the pilot scale.
The higher ohmic iR drop in the upper stacked system with four cell pairs leads
to lower currents between the current collectors. This can be avoided by adding a
second stacking unit instead.

not feasible for FCDI: the resistance of the repeating cell pairs becomes too
high and the current across the cell decreases [Pate2020]. The problem is
visualized in [Fig. [8.1] which shows two modules with the same number of
diluate and concentrate channels. In the upper module, this is achieved
with four cell pairs, leading to a higher ohmic iR drop and smaller currents
available for ion transport. In ED, this problem is negligible, as the voltage
at the electrodes can be increased to values of 400V to gain high currents.
This is impossible for FCDI since faradaic reactions must be avoided, and
therefore the electrode voltage should be kept below 1.23 V. Instead, the en-
tire cell pair with the flow electrode channels must be repeated ("stacking
units"), as shown in the lower module in[Fig.[3.1]

Here, stacking of cell pairs is employed together with stacking units. The
Stacking Units (SUs) are independent FCDI cells that share one flow elec-
trode. Each stacking unit (SU) comprises two cell pairs (CP). This was
found to be the optimal number of cell pairs at which high current efficien-

cies are still possible [Ma2020a]; [Linn2022]. [Fig.[3.2] shows the resulting
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Diluate
Diluate
Diluate

Stacking Units 2

Figure 3.2: Stacking of an FCDI module with membrane-electrode assemblies
(MEAs), anion-exchange membranes (AEMs) and cation-exchange membranes
(CEMSs). Each stacking unit consists of two cell pairs. The neighboring stacking
units share the flow electrode channel in the middle.

stacking concept. One CP consists of a diluate and concentrate channel
separated by an anion-exchange membrane (AEM). One cation-exchange
membrane (CEM) is shared with the neighboring CP. Each SU comprises
two flow electrode channels shared with the neighboring SUs. This is en-
abled by two-sided flowfields, similar to bipolar plates in fuel cells or elec-
trolyzers. All flow electrode channels in a stack are connected parallel to
each other. The main advantage of this stacking concept in comparison
to a parallel connection of multiple FCDI modules is that less endplates
are needed. This approach uses only two endplates for up to 20 stacking
units, instead of two endplates per module. Membrane-electrode assem-
blies (MEAs) are used to transport the current to the flow electrodes. MEAs
are a combination of a cation-exchange membrane (CEM) with a carbon
fiber fabric acting as a current collector (see Chapter[2.5).
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3.1.2 Comparison to Electrodialysis: a Thought
Experiment

As described above, the use of SUs is necessary to enable FCDI scale-up.
However, this leads to a disadvantage in the comparison of FCDI with ED.
Summarized briefly, fewer ions are transported with the same current be-
cause fewer channels are involved in the transport of current between the
electrodes. This can best be explained with a thought experiment. [Fig.[3.3]
shows an FCDI module based on the stacking concept described above
and an ED module with the same number of membranes. The FCDI mod-
ule consists of 3SUs with 2CP each. This leads to a total of 6 diluate
channels and 6 concentrate channels. The ED module with 15 membranes
has seven diluate and seven concentrate channels. This thought experi-
ment aims to compare the currents that are used for ion transport in both
modules. For this, it is helpful to compare the equivalent circuits drawn in
The equivalent circuit of the FCDI module is a parallel connection
of three resistances with the value R;. The ED module is characterized by
a single resistance R,. Importantly this is a macroscopic model for oper-
ation with direct current. For the thought experiment, we assume that all
IEMs (including MEAs) have the same resistance Rye, = 0.12Q. All dilu-
ate channels have the resistance Rp; = 0.4Q and all concentrate channels
have the resistance R, = 0.3Q. Resistances of the flow-electrode are ne-
glected since it is assumed that charge transfer occurs directly at the MEA
surface. The resistance of the electrode rinse solution in the ED module is
also neglected. [Eq.[3.1]and[Eq.[3.2] show the calculation of R; and R;.

Rl:5'RMem+2'RDil+2'RConc:2-OQ (31)
Ro =15 Ryjem + 7 - Rpjj + 7 - Rconc = 6.72 (32)

We now assume that both modules are operated at a total current of 1.8 A.
Thus, the voltage between the MEAs in the FCDI module is 1.2V, and a
current of 0.6 A flows through all stacking units. In the ED module, the total
current of 1.8A flows through all seven CPs. Because overpotentials at
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FCDI — 15 membranes: 3 SU with 2 CP each

ED — 15 membranes: 7 CP
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Figure 3.3: (a): Stacked FCDI module with 15 membranes operated at 1.8 A and
1.2V. The module can be described as a parallel connection of three resistances
with the value R;. (b): Stacked ED module with 15 membranes operated at 1.8 A
and 12.06 V. This module can be represented by a single resistance R;.

1.8A

[ 12.06V

the electrodes are neglected, the total voltage of the ED module is 12.06 V.
The main question of this thought experiment is how many ions can be
transported with the currents in the two modules. Generally, an electric
current / leads to a molar ion flow of » = //F with the Faraday constant F.
For a single CP and for a monovalent salt, this means that //F cations and
I/F anions are transported from the diluate to the concentrate. However, if
I is transported across multiple CPs, the total amount of ions transported is
multiplied by the number of CPs. Therefore, more ions are transported with
the same current. This is the reason why cell pair stacking is so efficient
for ED. However, higher voltages are necessary to drive the current across
the higher resistance of multiple CPs. Higher voltages at the electrodes
render this form of stacking difficult for FCDI, as shown in[Fig.[3.1] In the

48
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thought experiment, we can calculate the total salt transport ngcp; and ngp
for a monovalent salt. For the FCDI module, the current of 0.6 A acts on two
CPs. This happens three times in parallel. For the ED module, the current
of 1.8 A acts on seven cell pairs.

6A

hFCDI = % -2-3=37 mel S_l (33)
1.8A

hED = % -7 =131 mel Si1 (34)

The total salt transport achieved with the ED module at the same total cur-
rent is around 3.5x higher than with the FCDI module. Because both mod-
ules use the same number of membranes, a greater ion flux per membrane
area is achieved. A given separation task can be achieved with ED with a
lower number of membranes, resulting in a lower investment cost for the
module.

However, the energy demand is also higher. In the thought experiment, the
power required for the FCDI module is Prcp; = 1.8A - 1.2V = 2.16 W, which
leads to a specific energy demand of Ercp; = 0.06 Jumol~t. The power re-
quired for the ED module is Pgp = 1.8A - 12.06V = 21.71 W, which leads to a
specific energy demand of Egp = 0.17 Jumol~!, a factor of 2.87 higher than
Ercps- In praxis, Egp would be even higher due to overpotentials at the elec-
trodes. For an increased number of membranes (e.g. 100 membranes),
20~ 374 and £2 ~ 2.82.

nFcor

This thought experiment shows the theoretical advantages and disadvan-
tages of FCDI stacking. However, it is necessary to build a stacked module
to compare it with ED in a real-world process. This chapter aims to describe
the stacked module and test it. In general, this study and the data below
aim to (a) establish a methodology and metrics to compare performance at
different scales and (b) quantify the limiting factors and performance losses
that occur when the new FCDI desalination and concentration concept is
taken from a small scale to an industrially applicable scale.
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3.2 Experimental

3.2.1 FCDI Modules

Three FCDI modules were built and tested in experiments with 60gL~!
sodium chloride (NaCl) feed solutions. All modules are based on the
single-module layout [Romm2015]. The modules are designed to fit ion-
exchange membranes with an active membrane area of 320cm? (ED-320
membranes, Fumatech BWT GmbH). First, two modules with two stack-
ing units were built to investigate the scale-up from modules with ED-40
membranes used in previous studies. One module was built with cur-
rent collectors made from graphite plates (A320 GP 2 SU), and the other
with membrane-electrode assemblies (A320 MEA 2 SU). Each stacking unit
consists of two cell pairs (i.e., two diluate channels and two concentrate
channels). The order of membranes in each cell pair is CEM-AEM-CEM.
The fabrication of membrane-electrode assemblies (MEAS) is described by
Linnartz et al. [Linn2020]. For the MEAs, no freestanding IEMs are nec-
essary. Therefore, 30 um thin FKS-30 membranes (Fumatech BWT GmbH)
were used. Furthermore, 10 mm wide rims at the outer edges of the MEAs
were fitted with copper tape with conductive adhesive (ET 1181, 3M Corpo-
ration) to lower the electrical contact resistance of the external wires to the
MEAs. The copper tape allows wires to be soldered directly to the MEAs.
In addition to the two 2 SU modules, a third module with 20 SUs (A320 MEA
20 SU) was built using MEAs to investigate a scaled-up stacked system. An

overview of the material is given in|lab. [3.1]

The A320 GP 2SU module was built with current collectors made from
graphite (MR40, Muller & Réssner GmbH & Co. KG, 250 x 250 x 10 mm),
the flow channels were milled directly into the plates. For the MEA mod-
ules, the polymeric flow fields were 3D printed (printer: Objet Eden260,
material: VeroClear, Stratasys Ltd.). Because this material is less brittle
than graphite, flow fields can be thinner. They were manufactured in 5.9 mm
thickness. However, the layout of the flow electrode channels is the same.
The layout is shown in (a). There are three parallel flow chan-
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a
@ c0c0c0cccccccce QO
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e MEA Flow Fields:
173.5mm t=1.9mm
‘ OO0 000O0COCOOOOO . Graphite Plates:
t=6.0mm
b

Flow Field

Endplate

Figure 3.4: (a) Flow field with three channels for the flow electrode on both sides.
The same geometry is used for flow fields made from graphite plates and for poly-
meric flow fields employed in MEA modules. The only difference is the thickness t
of the midsection. (b) One stacking unit of the MEA module.
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Flow Fields Membranes Spacers
MEAs CEMs AEMs
GP 2SU 3 0 6 4 8
MEA 2SU 3 4 2 4 8
MEA 20 SU 21 40 20 20 80
Supplier in-house fumatech fumatech
Deukum
Specification | 3D-printed | FKS-30 FKS-130 FAS-130 | ED-320
or milled

Table 3.1: Overview of materials used to construct the FCDI modules.

nels on each side of the flow field. These channels are each 3mm wide
and 2 mm deep. Next to the current collectors were cation-exchange mem-
branes (CEM). CEMs for the MEAs were FKS-30 (Fumatech BWT GmbH).
Reinforced FKS-130 membranes (Fumatech BWT GmbH) were used for
the graphite plates. The middle CEM of a SU in both modules was an
FKS-130 and the AEMs were FAS-130. ED-320 spacers from Fumatech
BWT GmbH or Deukum GmbH were used. Polyoxymethylene end plates
and steel frames were used to clamp the modules using four M14 screws.
Fig. [3.4] (b) shows the assembly of one stacking unit of the module with
MEAs.

3.2.2 Experimental Procedure

The experiments were carried out in continuous operation in short-circuited
closed cycle mode, with the cations transported via the flow electrode. All
experiments were conducted in constant voltage operation. The feed solu-
tions were prepared by dissolving 60gL~! sodium chloride (VWR Interna-
tional GmbH) in ultrapure water. The same solution was also used for the
flow electrode, which was prepared by suspending 15 wt% activated carbon
powder (Carbopal SC11PG, Donau Carbon GmbH) in the solution. The
flow electrode was stirred at least 12h before use. In all experiments, an
ISMATEC Flowmaster FMT-300 peristaltic pump (Cole-Parmer Instrument
Company LLC.) conveyed the flow electrode through the modules. Due to
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the size difference between the 2 SU modules and the 20 SU module, dif-
ferent pumps for the feeds and different power supplies were used. For the
experiments with the 2 SU modules, an ISMATEC Reglo ICC (Cole-Parmer
Instrument Company LLC.) peristaltic pump was used for the diluate and
concentrate feeds. The voltage was applied to the module with a Keysight
E3644A (Keysight Technologies Inc.) power source. For the experiments
with the 20 SU module, a Masterflex EasyLoad 2 (Cole-Parmer Instrument
Company LLC.) was used for the feeds, and a Keysight N5743A (Keysight
Technologies, Inc.) power source was used to apply the voltage. The feed
flow rates of diluate V¢ p and concentrate Vi - were varied in the experi-
ments. Outlet conductivities were monitored with Knick SE 615/1MS con-
ductivity probes (Knick Elektronische Messgerate GmbH & Co. KG); pH
was monitored with Knick SE 102-MS pH sensors. Data from the conduc-
tivity and pH probes and power supplies were acquired and logged with a
setup supplied by ZUMOLab GmbH.

All experiments were run until a steady-state was reached for the outlet
conductivities in each of the compartments. Then, inlet and outlet mass
flows were measured by taking samples and weighing the mass difference.
The density of the samples was measured (Densito 30PX, Mettler-Toledo
International Inc.), allowing for the calculation of exact volumetric flow rates
from the ratio of mass flow and density. A correlation between density and
sodium chloride (NaCl) concentration (see Appendix) was used to calcu-
late the concentrations from the measured density. To verify the validity of
this correlation, some samples were additionally investigated with ion chro-
matography (930 Compact IC Flex, Deutsche METROHM GmbH & Co. KG.
Anion column: Metrosep A Supp 7 - 250/4.0. Cation column: Metrosep C 6
- 250/4.0). The deviation between the ion chromatography results and the
correlation results was in the range of +5%. For each module, at least three
experiments were performed and included in the evaluation. The metrics
used for the comparison of the FCDI experiments are given in and
[Eq.[2.6] The number of cell pairs nc, = 2 is used. The total membrane area
Amem.tor CaN be calculated from the area of one membrane Apen = 320 cm?
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and the number of stacking units n,, according to |Eq. [3.5

Amem,tot = Nsy * (2 “Nep + ]-) - Amem (35)

3.3 Results and Discussion

3.3.1 Two Stacking Units

In a first step, FCDI experiments were performed to compare the mod-
ule with graphite plates (A320 GP 2 SU) and the module with membrane-
electrode assemblies (A320 MEA 2 SU). The feed concentrations for both
diluate and concentrate were cr..q = 60gL~1. The feed flow rates of diluate
and concentrate were set to Vr p = Vr ¢ = 3mLmin~! per SU, giving a total
of 6mLmin~! (or 8.64Ld~!) for both diluate and concentrate. This resulted
in a pressure loss of Ap = 0.04 bar over the module. For the flow electrode
Vee = 2.4L min~! was chosen to achieve a flow rate of 200 mL min—! for each
flow field channel. This flow rate was established as a safe flow rate to
prevent clogging in past experiments. A cell voltage of 1.2V was applied
to the module. As shown in[Fig.[3.5] the current efficiencies for both mod-
ules were close to unity; the ASTRs were between 1.0—1.2 pmol min~t cm™2,
which is within the typical range reported for FCDI systems in literature
[Zhan2021]. However, this is lower than the ASTR of a 2 SU module with
40cm? membranes shown as a reference. This could be caused by an
uneven distribution of the feed between the spacers in the module. The
spacers for the FCDI modules are designed for use in an ED-320 module.
Because Electrodialysis (ED) is typically operated in batch mode, the flow
rates of the feeds in the spacers are higher than those reached in continu-
ous single-pass FCDI experiments. The low flow rates in FCDI experiments
might favor uneven distribution.

The ASTR of the MEA module is higher than that of the graphite module.
This could be due to the thinner FKS-30 membranes used for MEAs. In par-
ticular, the area of the interface between the current collector and the flow
electrode (which is more than twice the area for the graphite plate) does not
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affect the ASTR. This was already documented in earlier work [Linn2020].
The topic is addressed in more depth in the evaluation of current collector
architectures in Chapter 5|
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A40 MEA A320 GP  A320 MEA

Figure 3.5: ASTR and CE of the A320 2 SU modules, results of a lab-scale A40
2 SU MEA module are given for reference [Linn2022].

The low voltages at the electrodes render FCDI stacking more complicated
than stacking of ED modules. Therefore, experiments with an increased
voltage are conducted to test the possibility to increase the treatment ca-
pacity of FCDI with higher voltages. The results are shown in [Fig. [3.6]
Filled symbols are used for the A320 MEA 2 SU module, open symbols are
used for the A320 GP 2 SU module. The current efficiencies are close to
unity for both modules at the voltages of 1.2V and 2.0V. At the initial volt-
age of 1.2V, the MEA module shows a lower ASTR with 1.07 pmol min=t cm—2
compared to 1.11 pmol min~tecm~2 for the GP module. This is opposed to
the results presented in [Fig. [3.5 and shows the deviations that occur in
the experiments. At higher cell voltages, the ASTR of the MEA module
is higher. For the MEA module the 67 % increase in voltage yields a 50 %
improved ASTR. The normalized concentrations for the experiments are
plotted in (b). Here, the A320 GP 2 SU module performs slightly
better at both tested voltages, reaching higher concentrate concentrations
and lower diluate concentrations. This is likely caused by lower water trans-
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Figure 3.6: Impact of increased voltages for the A320 2 SU modules.

port across the thicker membranes used in the A320 GP 2 SU module. The
results show that cell voltages above 1.2V can increase the current in FCDI
modules, leading to higher ASTRs and better desalination and concentra-
tion. The effect on the normalized diluate concentration is greater than on
the normalized concentrate concentration. This is due to the relationship
between ion movement and water crossover, described in Chapter [2.5.5

Studies in literature document lower current efficiencies at elevated volt-
ages due to faradaic reactions at the electrodes [Lian2017]. In our experi-
ments, the pH of the concentrate and diluate produced is not constant, as
shown in[Fig.[3.7] The data are the result of current-voltage curves mea-
sured for the A320 MEA 2 SU and A320 GP 2 SU modules. The voltage is
increased stepwise from 1.2-2.0V and the pH of diluate and concentrate at
the module outlets is measured. Interestingly, the pH of both diluate and
concentrate increases for the A320 MEA 2 SU module, while decreasing
trajectories are measured for the A320 GP 2 SU module. The cause of the
different behavior is unclear and was not further investigated in the scope
of the tests presented here. Overall, the trajectories allow the conclusion
that faradaic reactions occur either at the current collector surfaces or the
surfaces of the activated carbon particles. In some cases, the increase
in current and treatment capacity could justify operation at high voltages.
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Figure 3.7: Trajectories of pH for Diluate and Concentrates from current-voltage
curves with voltages greater than 1.2V. (a): A320 MEA 2 SU module, (b): A320
GP 2 SU module.

However, there are also applications in which pH-sensitive media are han-
dled. In this case, a low operating voltage that avoids a pH shift is an
advantage of FCDI over ED. One possible application for pilot-scale FCDI
modules is the concentration of wastewater containing fluoride (see Chap-
ter d). Here, acidic conditions must be avoided to prevent the formation of
hydrofluoric acid. Also, an increase in pH should be avoided, as the next
treatment step is not adjusted to basic pH. Therefore, within the scope of
this chapter, no further experiments at voltages above 1.2V are conducted.
Furthermore, the results in Chapter [4] demonstrate that elevated voltages
are unfavorable in a system with fluoride and nitrate, due to competitive
transport between the different anions.

In the FCDI experiments shown in [Fig.[3.5, the A320 MEA 2SU module
performs slightly better than the A320 GP 2 SU module. Furthermore, it
has two additional advantages that are crucial for system scale-up: it can
be built without the cost-intensive milling of flow channels in graphite plates,
saving cost and allowing for a thinner design. In our case, the thicknesses
of the two stacking units are 35 mm for the A320 GP 2SU and 24 mm for
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Figure 3.8: (a): ASTR and CE of A320 MEA 2SU module at varying flow rates
for diluate and concentrate. (b): Normalized concentrations of A320 MEA 2SU
module at varying flow rates for diluate and concentrate.

the A320 MEA 2SU module. The thickness of stack design is certainly
irrelevant for lab-scale systems but becomes essential when considering
industrial applications with large stacked modules.

Due to its advantages, the A320 MEA 2 SU module was further investigated
by varying the feed flow rates. (a) shows ASTRs and CEs from
this set of experiments. (b) shows the corresponding normalized
concentrations. In all experiments, the current efficiency is close to unity,
and the ASTR varies between 1.06 pmol min~tcm=2 and 1.16 pmol min~! cm—2.
This confirms the results from the initial experiment shown in[Fig.[3.5] Ini-
tially, the flow into the diluate channel was kept constant at 10Ld~!, and the
flow rate in the concentrate channel was varied from 10.8Ld~! to 5.5Ld~!
to 1.9Ld~!. The normalized diluate concentration (cp/cr) remains almost
constant, but cc/cr increases from 1.21 to 1.47. In single-pass operation,
the lower flow rates correspond to a longer residence time in the module;
therefore, higher concentrations are reached. For the last data point, the
concentrate flow rate was kept constant and the diluate flow rate was re-
duced from 10Ld~! to 5Ld~*. The longer residence time of the diluate led to
better desalination. The normalized diluate concentration decreased from
0.60 to 0.20. At the same time, cc/cF reduced from 1.47 to 1.36 since the
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higher concentration difference between the concentrate and the diluate
channel led to a higher osmotic water crossover. High desalination (salt
removal up to 80 %) can be reached, but the degree of concentration is lim-
ited. This is mainly due to an increase in the water crossover between the
diluate and concentrate channels.

Water crossover can be divided into water transported in the hydration
shells of the ions crossing the IEMs and water crossover due to osmotic ef-
fects. In the single-module architecture, the diluate and concentrate chan-
nels are separated only by the AEM in the middle. As pointed out in Chap-
ter[2.5.3]this leads to greater osmotic water crossover at high concentration
differences. Although this architecture has been used before to reach high
concentration differences between diluate and concentrate, this is only pos-

sible at very low feed flow rates [Romm2020b]. In the scope of this study,

our aim is to obtain higher flow rates. In applications that demand high con-
centration differences and high flow rates, a two-module layout should be
considered in the future. In a two-module layout, the diluate and concen-
trate channels are separated from each other, and osmotic water transfer
occurs only via the flow electrode. The salt concentration in the flow elec-
trode can be set as the average of the mean concentrations in the diluate
and concentrate to keep the osmotic effects in both modules as low as
possible.

3.3.2 20 Stacking Units

The feed flow rates of the A320 MEA 2 SU module are still low when consid-
ering the application at pilot plant scale. To increase the treatment capacity
and allow demonstration of FCDI at the pilot scale, the number of stacking
units was increased to 20 SU. The aim is to investigate the metrics of an
FCDI module with many flow channels in a parallel connection. Possible
problems can be an uneven distribution of the flow electrode to the flow
fields, leading to clogging in regions of low flow velocities. This problem
is potentially aggravated by the pump used to supply the module with the
flow electrode. In our test, the peristaltic pump, at its highest pump setting,
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Figure 3.9: (a): ASTR and CE of A320 MEA 2 SU and A320 MEA 20 SU modules.
(b): DD and CD of A320 MEA 2 SU and A320 MEA 20 SU modules.

was only able to pump 60 mLmin—! per flow channel through the module,
not the 200 mL min—! used in tests with the 2SU modules. This change in
experiment parameters has to be considered in the following comparison.
The feed flow rates for diluate (V¢ p) and concentrate (Vg ¢) were increased
by a factor of 10 to keep the flow rate per SU constant. shows the
results from the experiment with the A320 MEA 20 SU module compared
to the A320 MEA 2 SU module.

The desalination experiments with the A320 MEA 20 SU module were con-
ducted with feed flow rates of 60 mL min—?, corresponding to 86.4Ld~*. This
allows comparison with the MEA 2 SU module since the feed flow rate per
stacking unit was kept constant (3 mL min—1). [Fig.[3.9|(a) shows lower ASTR
at constant high current efficiencies. The ASTR of 0.55 ymol min— cm~—2 is still
in the range reported for FCDI systems in literature [Zhan2021]. However,
for the high feed concentrations (and high conductivities of the feeds), the
ASTR is certainly low. Similarly, the concentration differences reached are
relatively small, as shown in (b). The concentration on the diluate
side reduces from 60gL~! to 45gL~1. On the concentrate side, the concen-
tration increases from 60gL~! to 67gL~!. The most likely causes for the
decrease in ASTR are an uneven distribution of feed solutions to the spac-
ers in the module, which might lead to non-wetted membrane areas in the
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cell. This problem is aggravated by a higher number of stacked units, as
there are more possibilities for inadequate flow.

In some applications, the concentration differences achieved in our experi-
ments might suffice to achieve the desired separation characteristics. How-
ever, the goal remains to reach high concentrations with FCDI. To achieve
higher concentration differences, batch operation of the A320 MEA 20 SU
module with higher flow rates might be beneficial. Using flow rates within
the range used in ED should prevent uneven distribution of feeds. Batch
operation of this module with real-word wastewater feed is described in
Chapter [4. A batch system with multiple modules would also allow the
prevention of high concentration differences between diluate and concen-
trate, which lead to high osmotic water crossovers over the central AEMs
separating diluate and concentrate compartments. Contrary to initial ex-
pectations, clogging was not an issue in the experiments with this module.
A post-experiment analysis showed clogging in only one of the flow fields
in the middle of the stack. All flow fields had black residues of activated
carbon, indicating that the flow electrode was flowing through all flow fields.
However, the flow velocities in the individual flow fields might vary, which
could also explain the reduced ASTR.

To evaluate the viability of the scale-up, it is helpful to view the salt trans-
port and the scale of the modules in reference to the initial lab scale. The
initially used FCDI modules had one stacking unit with one cell pair and the
membrane cross-sectional area was 40 cm? [Linn2022]. This leads to a total
membrane area of Amem(A40 MEA) = 120cm?. In this membrane
area and the salt transport my,c;(A40 MEA) reached with these modules are
used to normalize the membrane areas and salt transport achieved with
the modules investigated in scale-up. In this diagram, the dashed line at
the 45° angle marks the upper limit of salt transport that can be expected
for modules with a larger membrane area. It represents a parallel connec-
tion of identical lab-scale FCDI modules. It is unlikely that a module with
stacking units would reach higher salt transport since this would mean that
the membrane area in a stack is better utilized than in a single cell at lab
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Figure 3.10: Salt mass flow over installed membrane area, normalized by the inital
values for a lab-scale A40 MEA module: For lab-scale systems (small diagram,
see [Linn2022]) and for the scale-up systems discussed in this work.

scale. This is not typical for membrane processes. Results on lab scale
(see small graph) were obtained by using multiple cell pairs and stacking
units of the A40 MEA module. These results and the results from the A320
MEA 2 SU module lie on the 45°-line or close to it. This means that stack-
ing with lab-sized modules and the scale-up by increasing the membrane
cross-section worked as well as could reasonably have been expected.
However, the 20 SU module is located below the trendline, showing the po-
tential to improve modules with a better stacking concept, for example, by
tuning the distribution of feeds and flow electrode to the individual stacking
units. When moving from a lab-scale A40 FCDI module (as shown as refer-
ence in[Fig.[3.5) to the A320 MEA 20 SU module, the active membrane area
increases by a factor of 267, while the salt mass flow only increases by a
factor of 127. This difference seems significant at first, yet losses of specific
treatment capacity are common for the scale-up of membrane processes
by stacking. This is known, for example, from the scale-up of systems for
Reverse Electrodialysis, where the power output of the system also does
not increase linearly with the number of cell pairs in a stack [Kim2021].
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In conclusion, the limiting factors for the scale-up of FCDI are (a) the low
maximum voltage of 1.23V, (b) water crossover over the membranes, es-
pecially over the AEM between diluate and concentrate channels and (c)
the suspected uneven distribution of the feed in the module. We already
showed that higher voltages are possible at the cost of increased pH shifts.
Further research at elevated voltages could bring FCDI closer to ED, as al-
ready proposed by Ma et al. [Ma2020b]. Water crossover can be reduced
by coating IEMs or by separating concentrate and diluate in
a two-module layout, as detailed above. The distribution of the feeds to the
spacers in the module needs to be re-evaluated at high feed flow rates in
batch operation. The next steps in scale-up could also be taken by building
more modules. If multiple A320 MEA 20 SU modules are connected in par-
allel in a numbering-up approach, no further decrease in specific treatment
capacity is expected as the distribution of the feeds and the flow electrode
is handled by external piping, allowing better control.

3.4 Conclusion

To demonstrate the advantages and disadvantages of FCDI, the process
needs to be investigated on an industrially applicable scale. This chapter
demonstrates scale-up via cell stacking to bring FCDI single modules to
pilot scale (TRL 5). First, the membrane area of the lab-scale modules was
increased by choosing larger membranes. Then, the stacking of repeating
units was used to further increase the treatment capacity of the modules.
Stacking multiple flow electrode channels kept the voltage drop between
the membrane-electrode assemblies low. This enables a lower energy de-
mand than Electrodialysis (ED), as demonstrated in a thought experiment.
This advantage comes at the price of a lower ion flux per membrane area.
The comparison between ED and FCDI leads to a trade-off between lower
invest cost (ED, since less membranes are needed) and lower operational
cost (FCDI, since less energy is needed). However, this comparison does
not include additional energy (e.g., for pumps) and needs to be verified in
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a real-world scenario. As a result of this Chapter, a stacked module with
an active membrane area of 3.2m? was built and reached an average salt
transfer rate (ASTR) of 0.55 pmol min—! cm~2 at high current efficiency, allow-
ing us to conduct desalination and concentration experiments with feed flow
rates greater than 80 Ld~!. This module is an important step in the scale-up
of FCDI, as it can serve as a building block for larger modules and ap-
plications. Due to the modular design, multiple modules can be connected
together. Future work should investigate and optimize the distribution of the
diluate and concentrate feed to the stacking units in the module. The appli-
cation of one stacked module in a pilot plant handling industrial wastewater
is detailed in Chapter 4]
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Chapter 4. FCDI in Real-World Application

4.1 Introduction

This chapter details the application of the Flow-electrode Capacitive Deion-
ization (FCDI) process to a real-world salt removal and recycling task. The
conducted work was part of the research project "Nitratkreislauffihrung bei
der Behandlung von Metalloberflachen durch Nutzung innovativer Tech-
niken (NITREB)", sponsored by the German Ministry for Education and
Research (BMBF). The scope of the project was the development of a new
process to establish recycling loops for acids used in stainless steel pick-
ling.

Stainless steel is a large-scale commodity product with a wide variety of
applications. During production, stainless steel is handled at elevated tem-
peratures (e.g., during casting or annealing). This causes the formation of
an oxide scale layer and a chromium-depleted layer on the surface. These
layers not only impair the optical properties of the surface but also reduce
the resistance to corrosion. Steel pickling is used to achieve the desired
qualities, by removing the surface layers and exposing the metal beneath
[Li2003]. An important part of the pickling process is chemical pickling in
acid baths. Hydrofluoric acid (HF) and nitric acid (HNO3) are often used in
these pickling baths [Li2005]. The spent acids are neutralized with alkaline
solutions, such as calcium hydroxide, generating salt solutions. If HF and
HNO; are used together in the pickling bath, calcium fluoride precipitates
from the solution due to its low solubility limit, but the nitrate content of the
effluent remains high. Therefore, the effluent cannot be discharged into
the environment because the high nitrate content would cause increased
eutrophication. Thus, wastewater treatment in the form of denitrification at
a wastewater treatment plant or by an internal process in the steel pickling
plant is necessary. In an ideal case, this wastewater treatment process
would also enable the regeneration of nitrates and fluorides in the form of
HF and HNOg, resulting in a lower environmental impact and an economic
benefit caused by lower cost for chemicals [Negr2001]. Several different
membrane-based solutions for the recycling of acids from pickling baths
are known in literature [Agra2009]. Notably, Negro et al. used a combina-
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Figure 4.1: Simplified flowchart of the NITREB process for the recycling of HF
and HNOs;. This flowchart does not include chromium detoxification and filter cake
post-treatment.

tion of Electrodialysis (ED) and ED with bipolar membranes (EDBM) for the
concentration and splitting of depleted salt solutions [Negr2001]. Based on
their work, a new treatment process was proposed for the project NITREB.
[Fig.4.] shows a simplified flowchart of this treatment process.

The recycling process starts with the neutralization of the spent acids from
the pickling line. In this case, the neutralization is done with potassium hy-
droxide (KOH). Due to the high solubility limits of potassium fluoride (KF)
and potassium nitrate (KNOs) all salts remain in solution. The salt solution
is then treated with a filter press and microfiltration to remove larger impu-
rities, which could cause problems in the following process steps. Electro-
membrane processes are used for the desalination and concentration of the
wastewater stream. In this process, the wastewater desalination and con-
centration step is done with FCDI. In the electric field, salts are transported
from the wastewater to a concentrate solution. The aim is to produce a dilu-
ate with a nitrate concentration below the regulatory limit for discharge to
the runoff ditch. The remaining fluoride in the diluate must be removed by
precipitation before discharge. Since this leads to the loss of some fluoride

67




Chapter 4. FCDI in Real-World Application

and nitrate, the aim is to transport as much as possible to the concentrate
solution. In the next step, the concentrate is treated with EDBM. EDBM is
briefly introduced in Chapter 2.1] as a process to produce acids and bases
from salt solutions. In this process, water is split into H*-ions and OH™-ions,
allowing the production of the acids HF and HNO3; and the base KOH. HF
and HNO3; can be recycled to the pickling line and KOH to the neutraliza-
tion step. The NITREB process lowers the required amount of discharged
nitrates and also offers a strong economic incentive since the amounts of
fresh HF, HNO3, and KOH are lowered. The aim of the research project
was to establish this process at pilot plant scale with a treatment capacity
of 50-80 L h~1.

There is no literature on FCDI applied to a similar process, and our research
group had only limited experience in setting up FCDI with a feed containing
two different salts. Therefore, the primary objective was to test the applica-
bility of FCDI on a lab scale. For this reason, this chapter first details the
tests conducted on the lab scale before moving on to the pilot plant applica-
tion of an FCDI module at the stainless steel treatment plant. The scale-up
of FCDI modules is described in Chapter [3] Overall, this chapter aims to
highlight the adjustments needed to tailor the FCDI process to a new feed
wastewater and to showcase an application on pilot scale.

4.2 Experimental

4.2.1 Lab-scale Experiments

Lab-scale tests were carried out in continuous single-pass operation. An
FCDI single module with total membrane area Aem tor = 300 cm? was used
[Romm2015]. The module consisted of one stacking unit ns, = 1 with one
cell pair n,, = 1. Current collectors made of graphite (180 mm x 180 mm
x 10mm, MR40, Muller & Réssner GmbH & Co. KG) were used. Flow-
electrode channels with 18 turns (3mm x 2mm and 2000 mm total length)
were milled into the current collectors. Membrane spacers (ED-100, thick-
ness 500 ym, Fumatech BWT GmbH) were used for the concentrate and
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diluate channels between ion-exchange membranes. One cation-exchange
membrane (Fumasep FKS, 75 um PET-reinforced, Fumatech BWT GmbH)
was placed adjacent to each current collector. An AEM (Fumasep FAS,
75 um PET-reinforced, Fumatech BWT GmbH) separated the two flow chan-
nels. End plates were used to clamp the modules and provide connections
for the flow electrode channels and the diluate and concentrate channels.
Sealings made from ethylene propylene diene monomer (EDPM) rubber
were used between the current collectors and the neighboring layers. After
each module assembly, a leakage test was performed by recirculating a
defined amount of ultrapure water in each flow channel for at least 3 h.

The two feed solutions for diluate and concentrate were pumped by a peri-
staltic pump (REGLO ICC Digital Peristaltic Pump 2-Channel, Cole-Parmer
Instrument Company LLC.). The flow electrode was continuously stirred
with a magnetic stirrer (VS-C4, VWR International GmbH) in a beaker and
pumped through the module with a second peristaltic pump (Cole Parmer
Master Flex L/S, Cole-Parmer Instrument Company LLC.). Voltage was
applied to the module with a power supply, which also measured the cur-
rent (E3644A, Keysight Technologies Inc.). The voltages used in the in-
dividual experiments are given in the results section. Conductivity probes
were used to measure the conductivity of the outgoing diluate (SE 615/1-
MS, Knick Elektronische Messgerate GmbH Co. KG) and concentrate (LTC
0,35/23, Xylem Analytics Germany Sales GmbH & Co. KG) streams. Data
from the conductivity probes and power supply were acquired and logged
with a setup from ZUMOLab GmbH.

At the time of lab-scale testing, the neutralization process, filter press, and
microfiltration for the NITREB process were not yet installed in the stain-
less steel treatment plant. Therefore, most of the experiments could not
be carried out with real wastewater. Instead, a model wastewater was
used. The concentrations of potassium nitrate (KNO3) and potassium flu-
oride (KF) were based on samples from small-scale neutralization tests
at the stainless steel treatment plant. The diluate feed solution consisted
of 38.03gL~! KNO; (Potassium Nitrate 99 %, Carl Roth GmbH + Co. KG)
and 33.38gL~! KF (Potassium Fluoride 99%, Carl Roth GmbH + Co. KG)
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dissolved in ultra-pure water. These concentrations should resemble an
average of the salt concentrations found in the wastewater after the neu-
tralization step. Higher concentrations were used for the concentrate feed
solution (83.67gL~! KNO3 and 73.44gL~! KF) since the concentrations in
the loop between FCDI and EDBM were expected to be at this level dur-
ing operation of the NITREB process. The flow electrode was prepared
by suspending 15 wt% activated carbon powder (Carbopal SC11PG, Donau
Carbon GmbH) in salt solutions with varying concentrations of KNO3; and
KF.

Sample concentrations in all experiments were measured by ion chro-
matography (930 Compact IC Flex, Deutsche METROHM GmbH & Co.
KG. Anion column: Metrosep A Supp 7 - 250/4.0. Cation column: Met-
rosep C 6 - 250/4.0). Sample densities were measured with a handheld
densitometer (Densito 30PX, Mettler-Toledo International Inc.). The met-
rics used to describe the results are detailed in Chapter 2.5.5 Here, the
total average salt transfer rate (total ASTR) is used to describe the total ion
transport of both salts.

4.2.2 Pilot-scale Experiments

Pilot-scale testing was performed with one module with 3.2 m? active mem-
brane area. The design of the pilot-scale modules and the initial tests that
were used to validate the performance of these newly developed modules
are given in Chapter 3] The module was operated with a custom-made
FCDI pilot plant (SIMA-tec GmbH). The plant features three batch tanks.
The batch tank for the diluate has a volume of 60 L, the concentrate batch
tank has a volume of 35L, and the flow electrode batch tank has a vol-
ume of 75 L. The flow electrode tank features a stirrer to keep the activated
carbon suspended. Two gear pumps with flowrates 5-50Lh~! are used to
pump diluate and concentrate. For the flow electrode a peristaltic pump
(Verderflex Dura 35, Verder Deutschland GmbH & Co. KG) with a flowrate
500—2500 L h~! is used. A dosing pump enables the dosing of a salt solu-
tion or water to the flow electrode batch tank during operation. The FCDI
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module is powered by a DC power source (Genesys ™ GEN 8-400, TDK-
Lambda Germany GmbH) with a maximum voltage of 8V and a maximum
current of 400 A. An operation voltage of 1.2V is used.

The flow rates of diluate and concentrate are measured at the inlet and out-
let of the FCDI module, the flow rate of the flow electrode is measured only
at the module inlet. Conductivities and temperatures are measured at the
module inlet and outlet; pH of diluate and concentrate is measured at the
outlet of the module. The plant is programmed to enable automatic contin-
uous and batch operation. Automatic batch operation is used for the exper-
iment described in this chapter. During batch operation, the flow rates of
all streams are controlled and kept constant at predefined values. The tar-
get conductivities for diluate and concentrate are set, and the solutions are
circulated through the module until the target conductivities are reached.
Once the target of diluate or concentrate is reached, the plant automati-
cally stops the voltage and empties the according batch tank. The solution
is pumped into a storage tank and the batch tank is refilled with fresh feed
solution. Then the voltage is restarted and a new batch begins. The plant
program also features automatic cleaning and flushing steps, which are es-
pecially important for the flow electrode loop.

Pilot-scale tests were conducted on-site with neutralized and pretreated
wastewater from the pickling line. The concentrations of KNO3; and KF in
the wastewater vary depending on the operation of the pickling line. Dur-
ing the experiments described in this chapter, the concentrations of the
wastewater used as diluate feed were around 30 gL~ KNO3; and 40 gL' KF.
This is a lower concentration of KNO3 but a higher concentration of KF as in
the lab-scale experiments. In pilot-scale tests, the loop between FCDI and
EDBM is closed and the depleted salt solution from the EDBM is used as
concentrate feed for FCDI. The concentrations were around 10gL~! KNOs
and 30gL~! KF. Notably, this is significantly lower than the concentrations
of concentrate feed solutions used in lab-scale experiments.
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4.3 Results and Discussion

The experiments on the lab scale were aimed at evaluating the viability
of the FCDI process for the given separation task. The objective was to
remove 90 % of nitrate from the diluate. On the concentration side, the
objective was to reach at least a concentration of 130%. To achieve these
goals, the FCDI process needed to be tailored to the specific feed solutions.
shows a flowchart diagram of the steps taken to tailor the FCDI
process.

Start P Choose Membranes ] SetFlow-electrode |

!

Set Diluate/Concentrate
Flowrates

Change
in Water
Transfer

Set Operating Voltage |«

No

Change
in Water
Transfer

| Set Flow-electrode
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Long Term Experiments |«&
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Figure 4.2: Flowchart of the adaptation steps to tailor the FCDI process to a new
feed solution.

This flowchart is an outcome of the experiments presented in this chapter,
as there was no prior experience tailoring the FCDI process in our research
group. The first step should be the choice of ion-exchange membranes.
The membranes must be stable at the pH of the feed solutions and should
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allow for high ion transport. In some cases, selectivity between different
ions might be desired. Information on the selectivity of ion-exchange mem-
branes can be found in literature or be determined in first experiments.
In this specific case, fumasep FAS and FKS-membranes (Fumatech BWT
GmbH) were chosen based on previous experience with nitrate feed solu-
tions [Linn2022]. In the next step, the concentration of electrolytes in the
flow electrode should be set to minimize osmotic water transfer. This step
should be repeated if any of the following steps lead to significant changes
in water transfer.

4.3.1 Investigation of Flow Electrode

The flow electrode used in the FCDI process typically contains an elec-
trolyte to increase its conductivity. Ideally, the salts used as background
electrolytes are the same as those present in the diluate and concentrate
feed streams, so that no impurities are introduced into the process by the
electrolyte in the flow electrode. However, the concentration of the back-
ground electrolyte is also important. If the concentration is lower than the
concentration in the neighboring channels, the flow electrode loses water
due to osmotic water transport (see Chapter[2.5.3). If the concentration in
the flow electrode is higher than in the neighboring channels, the osmotic
water transport is directed into the flow electrode. The ideal case would be
a flow electrode that is in equilibrium with the neighboring channels so that
the water content in the flow electrode remains constant over time. This is
impossible to achieve, as the flow electrode is in contact with both diluate
and concentrate, which necessarily have different concentrations.

In the long-term operation of an FCDI process, the loss of water from the
flow electrode is easier to control. Lost water can be added back to the
flow electrode by hand or by a dosing pump. If the water content in the flow
electrode increases, the activated carbon concentration decreases over
time, and the FCDI process is hindered. The removal of water from the
flow electrode is more complicated because it requires a filtration step to
hold back the suspended activated carbon particles. For this reason, the
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goal was to find a background electrolyte concentration that would cause
a minimum amount of water loss. Different flow electrode compositions
were investigated: since KF is toxic and also more expensive than KNO;,
the goal was to use only KNO3; as salt in the flow electrode. The first
experiment was conducted with a background electrolyte concentration of
ckno, = 150gL~1 = 1.48mol L~ L. Since the sum of salt concentrations in the
diluate feed is 0.95 mol L= (ckno, = 0.38 mol L1, ckr = 0.57 mol L~1) and in the
concentrate 2.09 mol L~ (cxno, = 0.83mol L1, cxr = 1.26 mol L~1), this is close
to the average molar concentration of diluate and concentrate. This flow
electrode was compared to a flow electrode with KNO3; and KF. Here, both
concentrations were the average of diluate and concentrate. Furthermore,
the effect of sonication on the flow electrode with cxno, = 1.48 mol L~ was
investigated. The hypothesis was that sonication of the flow electrode for
1 h before the experiment would improve the mixing of the activated carbon
particles and could improve the charge transport in the flow electrode. The
membranes in these experiments were fumasep FAS-PET-75 and FKS-
PET-75 (Fumatech BWT GmbH).

Fig. 14.3| (a) shows no significant improvement of ASTR for the sonicated
flow electrode. The total ASTR as well as the individual ASTRs for KNO3
and KF stay constant. These results also show the generally lower ASTR
for KF. Fluoride ions are strongly charged and attract a high number of wa-
ter molecules in their hydration shell. This hydration shell renders them less
mobile than nitrate ions. Similar results can also be found in the literature
on ED [Luo2018]; [Grze2020]; [Alia2021].

When the flow electrode with ckno, = 0.6molL™! and cxr = 0.92molL~ 1 is
used, the ASTR for KF increases, the ASTR for KNO; decreases. The
total ASTR shows a slight increase. The presence of fluoride in the flow
electrode apparently enhances the transport of fluoride between the dilu-

ate and concentrate. The total ASTR correlates well with the currents

plotted in (b). The right y-axis in (b) shows the vol-

ume change of the flow electrode (AV). When the flow electrode is pre-
pared with ckno, = 1.48molL~! it experiences a net loss of water. When
ckno, = 0.6mol L1 and cxr = 0.92mol L~ are used, the flow electrode gains
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Figure 4.3: Influence of sonication and addition of KF in the flow electrode. Data
points are connected by lines to guide the reader’s eye.

water, even though there is only a small change in the ionic strength of the
solution. On the basis of van't Hoff’s law (see Chapter the osmotic
water transfer should remain constant. An explanation could be a change
in the electrolyte concentration in the flow electrode. If nitrate ions are re-
moved from the flow electrode and replaced by fluoride ions that trans-
port more water in their hydration shells, an increase in volume will be
observed. This phenomenon was not further investigated, since the flow
electrode with ckno, = 1.48 mol L1 was chosen for further experiments. The
slightly lower total ASTR measured for this flow electrode is negligible. Us-
ing only KNOj in the flow electrode reduces the amount of KF needed in
experiments and saves cost; a relevant factor from the perspective of FCDI
scale-up.

4.3.2 Membrane Thickness

The transport of ions and water in electro-membrane processes are
strongly influenced by the ion-exchange membranes [Pora2018]. We
wanted to investigate the influence of membrane thickness on the FCDI
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process. Doing this after setting the flow electrode is a deviation from
the ideal flowchart in [Fig. [4.2] Generally, the membranes should be cho-
sen before the electrolyte concentration of the flow electrode is adjusted
to avoid an additional loop in which the electrolyte concentration might
need to be readjusted. In our investigation, the supplier and type of mem-
brane were kept constant. Only the thickness of the middle membrane that
separates the diluate and concentrate compartments was changed from a
daem = 75pm thick FAS-PET-75 membrane to a dagy = 130 pm thick FAS-
PET-130 membrane. The hypothesis was that the middle membrane would
have the most influence on osmotic water transport since the concentration
difference between diluate and concentrate is higher than between each of
the channels and the neighboring flow electrode channel.

To allow a comparison of the two experiments, they were carried out with
a constant current of / = 1.6A. In constant current operation, the ion
transport is the same in both experiments. Therefore, changes in the out-
let concentrations can be attributed to water transport. The diluate feed
flow rate was set to V,p = 1.18 mLmin~! and the concentrate feed rate to
Vo.c = 0.5mLmin"1, (a) shows the ASTR with a membrane thick-
ness of dagy = 75pm and dagy = 130pm. The total ASTR and the individ-
ual ASTRs of KNO3; and KF do not change with different membrane thick-
nesses. However, water transport is influenced by the change in membrane
thickness. The right y-axis shows the quotient of salt transport and water
transport: this metric increases from 0.29 mgs,i:/mgn,0 t0 0.34 mgsai/mgh,o
with the thicker membrane. Since the salt transport (given by the ASTR)
remains constant, this means that the water transport across the middle
membrane is reduced. (b) shows the effect on the concentrations of
diluate and concentrate at the module outlet. The KNO5 concentrations re-
main unchanged, and the concentration difference of KF increases slightly.

V. kWh
Ep = = 4.1
b VE D l m? ] )

With the results from the experiments, the electrical energy demand per
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Figure 4.4: Influence of the thickness of the middle anion-exchange membrane
on the salt and water transport in the FCDI module. Data points are connected by
lines to guide the reader’s eye.

cubic meter of treated diluate can be calculated according to [Eq.[4.1] Vv is
the voltage, and / is the current. The energy demand is normalized by the
diluate feed flow rate Vrp. This metric is problematic when experiments
with different outlet concentrations are compared. Furthermore, it does not
include any additional energy (e.g., energy of the pumps in the experiment).
However, it allows to characterize how much energy needs to be expended
for the treatment of one cubic meter of diluate feed. The energy demand
rises from 47.96 kWh/m3 for dagy = 75 pm 10 55.24 kWh/m3 for dagy = 130 pm.
This means that 13% of electrical energy can be saved by using thinner
membranes. Because the effect of increased water transport on outlet con-
centrations was low in comparison, thinner AEMs with dagy = 75um were
used in the following experiments described in this chapter.

4.3.3 Diluate and Concentrate Flow Rates

In continuous single-pass experiments, outlet concentrations are influ-
enced by diluate and concentrate feed flow rates (V¢ p and Vg ¢). Lower
flow rates lead to longer residence times of the fluids in the electric field,
where ion transport occurs. This leads to higher concentration differences
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between the inlet and outlet. Tailoring the flow rates allows to reach differ-
ent outlet concentrations. The goal is to find the highest possible flow rates
with which the required concentrations for diluate and concentrate can be
reached. The diluate and concentrate channels influence each other be-
cause of the transfer of ions and water. First, V¢ p was varied, while Vg ¢
was kept constant. The effects of this variation on the diluate and concen-
trate outlet concentrations were investigated. In a second step, V¢ ¢ was
varied while V¢ p was kept constant.

The lower section of the diagram in (a) shows the outlet concentra-
tions cp kno, and cp xr Normalized by their feed concentrations cg xyo, and
cr kF- VF p is varied between 0.66—1.38 mL min~'. Vg ¢ = 0.5mLmin" ! is kept
constant.

At the lowest feed flow rate (Vr p = 0.66 mL min—1t), KF is almost completely
removed (cp xr/cr kr = 0.01). With higher feed flow rates, the concentration
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increases and reaches cp xr = 0.4- cr ¢ for Ve p = 1.38mLmin~t. The KNOg
concentration remains low with a maximum of c¢p kno, = 0.02 - cg kno,- The
influence of V¢ p on concentrate concentrations cc kyo, and c¢ xr is shown
in the upper section of [Fig.[4.5] (a). In general, the concentrations increase
with increasing diluate feed flow rate. An exception is the lower concentra-
tion of KF at Vg p = 1.38mLmint. This is most likely an outlier. The trend
can be explained as follows: a higher diluate flow rate results in a higher
amount of ions entering the module, which can be transferred to the con-
centrate. The ASTR for KNOj is high enough that even at high diluate flow
rates almost the entire amount of KNO5 can be transferred. As mentioned
above, the transport of KF is inferior and, at high V¢ p, a lower fraction of
the KF entering the module can be transported. In summary, the degree of
desalination of KNO3; remains constant throughout the investigated range
of Vrp. The degree of desalination of KF decreases with an increase in
the diluate flow rate, while the concentration degree of KNO3; and KF in-
creases. Thus, the optimal diluate feed flow rate is as high as possible
but low enough to achieve the desired outlet concentrations. The required
outlet concentration is 0.1 - c,. This means that a viable diluate feed flow
rate can be found around V¢ p = 0.85mL min—! with outlet concentrations of

cp knos = 0.01 - cr kno, and cp kF = 0.11 - cr kF.

In the second step, V¢ p = 0.85 mL min—! was kept constant and V¢ ¢ was op-
timized with the goal to reach outlet concentrations of at least 1.3 ¢,. The
lower section of (b) shows the influence of the concentrate feed
flow rate on the concentrations in the diluate. The investigated concentrate
feed flow rates range from Vg ¢ = 0.15mLmin" ! to V¢ ¢ = 1.01 mL min~ 1,

The KNOj concentration of the diluate cp xno, remains almost constant. It
varies between 0.01 - ¢ kno, @nd 0.03 - ce kno,- The KF concentration cp xr
ranges from 0.11 - ¢r kno, 10 0.20 - cr kno,- It has to be noted that a precise
setting of V¢ p was not always achieved due to deficient precision of the
peristaltic pump. This caused the variation in cp xr. Overall, the influence
of V¢ ¢ on the concentrations in the diluate can be considered low.

The influence of V¢ ¢ on the concentrate side is shown in the upper section
of (b). At Ve c = 0.15mLmin"! the concentration degree of KNO;
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is highest at cc kno, = 1.58 - ¢k kno,- An increase in Ve ¢ leads to a de-
crease in concentration. The lowest concentration is cc kno, = 1.21 - ¢cr kno,
at Ve ¢ = 1.01mLmin~1. The concentration of KF is not influenced by V¢ ¢
as much, since it only varies between 1.09 - ¢ k¢ and 1.11 - cg xr. Overall,
Ve ¢ mainly influences the concentration degree of KNO3; while the concen-
tration degree of KF remains almost constant.

Summarizing the results of the experiments, the target concentration of
0.1 - ¢ on the diluate side can be reached for both salts. On the concen-
trate side, the target concentration of 1.3- ¢, can only be reached for KNOs.
At Ve = 0.5mLmin~! the outlet concentration is cc xno, = 1.34 - cr kno,-
As cc xr remains constant throughout the range of Vi ¢, the choice of a
lower V¢ ¢ does not improve the KF concentration. However, there are
other adjustments to the FCDI process that may be used to yield higher KF
concentrations. One possibility is operation at higher voltages, described in
the next section. The results of the experiments show that concentrate feed
flow rates have a low influence on diluate concentrations. Vice versa, the
diluate feed flow rates do influence the concentrate concentrations. There-
fore, the diluate feed flow rates should always be adjusted before the con-
centrate feed flow rates.

4.3.4 Operating Voltage

The next step was to investigate the operating voltage. Typically, FCDI pro-
cesses are operated with a potential difference of 1.2V between the two cur-
rent collectors. This ensures that no electrochemical reactions can occur,
because the standard potential difference for water electrolysis is 1.23V.
However, there is also literature on FCDI processes at higher voltages
[Tang2020]; [Xu2017]. Higher voltages lead to a higher driving force for
ion transport. The hypothesis for this investigation is that the concentration
differences found in the evaluation of the flow rates can be improved with
higher voltages. Here, voltages up t0 2.0V are investigated. Since almost all
KNOQO; is already transported from the diluate when operating with 1.2V, the
expectation is that there will be no increase in KNO3 transport. The goal of
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the experiments is to increase the transport of KF to reach lower concen-
trations in the diluate and higher concentrations in the concentrate. The
feed flow rates are fixed at Vrp = 1.35mLmin~* and Vg ¢ = 0.53mLmin1.
The current efficiencies in all experiments are above 90 %, indicating that
the extent of water splitting at the electrodes is low.

Fig. 4.6| (a) shows the ASTRs for KF and KNO; and the total ASTR for
increased voltages. The ASTR for KNO3 remains constant, since even at
1.2V almost all KNOs is transported from the diluate. The ASTR for KF in-
creases from 3.34 ymolmin~tcm=2 at 1.2V t0 4.92 ymolmin"*cm=2 at 2.0 V. The
increased ion transport at elevated voltages also causes changes to the
water transport between diluate and concentrate. (b) shows the to-
tal ion transport divided by the total water transport (A’"%i’gw%). Although
total ion transport increases, the increase in water transfer is stronger, lead-
ing to a falling trend. When dividing the individual salts by the total water
transport (AAmLHKZFO and AA’:’N—’;Z?) the curve for KNOj is falling, since the amount
of KNO3; remains constant. The curve for KF rises and flattens out at 2.0 V.
The increased water transport is caused by the water in the hydration shells
of the additional potassium and fluoride ions that are transported at higher

voltages.

Water transport also has an impact on the outlet concentrations ¢, and cc
of both salts. (c) shows that the diluate concentration of KNOj re-
mains constant at very low values (between 4% and 1% of the feed concen-
tration). The KF concentration decreases from 0.48-c¢ xr at 1.2V 10 0.09-c¢ xr
at 2.0V. Thus, lower KF outlet concentrations can be reached with elevated
voltages. But the concentrate side also needs to be taken into account.
Here, the KF concentration increases from 1.07-c¢ xr 10 1.17-cr k. However,
as already shown in (b), the increased KF transport also causes
increased water transport from the diluate into the concentrate. There is no
more KNO5 that could be transported to balance the increased water trans-
port and the outlet concentration cc xyo, decreases at higher voltages. At
1.2V the outlet concentration is cc knyo, = 1.51 - cr kno,; @t 2.0V it is only
cc.xnvos = 1.39- ¢ kno,- Therefore, there is a trade-off between a higher con-
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Figure 4.6: Effect of operating voltage on (a) ASTR, (b) water transport, (c) outlet
concentrations, and (d) energy demand. Data points are connected by lines to
guide the reader’s eye.

centration of KF at high voltages and a high concentration of KNO; at low
voltages. The target concentration in the diluate of cp kno, < 0.1-¢cr kno, CaN
be reached with lower voltages as well as elevated voltages. More experi-
ments (at pilot scale) will be necessary to investigate the effect of elevated
voltage on real wastewater.

Elevated voltages V also cause an increase in electrical energy demand, as

shown in [EqQ.4.1] The energy demand is shown in|Fig.4.6[(d). It increases
from 27.11kWh/m}, at 1.2V to 56.54 kWh/m3 at 2.0V.

For the long-term operation of the FCDI process on the lab scale (see next
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Section) it was decided to keep the voltage at 1.2 V. This avoids the risk of
water electrolysis and hydrogen production. For the goals of the project on
the concentrate side, operation at higher voltages remains an interesting
option since the price of the educt hydrofluoric acid (HF) is higher than that
of nitric acid, and the economics of the process could be improved with a
higher recycling rate of fluoride. The trade-off between the energy demand
for the FCDI step and higher fluoride recycling rate would need to be inves-
tigated on a larger scale. On the diluate side, the outlet concentrations of
KF even at elevated voltages exceed regulatory limits. Therefore, a post-
treatment step of the diluate (e.g., precipitation of fluoride) will always be
necessary.

4.3.5 Long-term Experiments

Long-term experiments were used to evaluate the behavior of the FCDI
process over several days. The experiments were also used to produce 2L
samples of concentrate to run the concentrate loop in the NITREB process
together with the project partner testing Electrodialysis with Bipolar Mem-
branes (EDBM). Since the preceding steps of wastewater treatment at the
stainless steel plant were already in place, it was now possible to use the
real wastewater as feed for the diluate side of FCDI. The concentrations
of the wastewater were cr xno, = 48gL ™! and cr xr = 38gL~1. These con-
centrations are higher than the model feed solution with cg xno, = 38gL™!
and crxr = 33gL™! used before. Since the loop between FCDI and
EDBM was not yet established, the same concentrate feed as before with
cF.kno;, = 83.67gL~t and cr xr = 73.44g L1 was used.

In the following, a long-term experiment with a total duration of 300h is de-
scribed. The voltage was 1.2V. During the experiment, the outlet concen-
trations of diluate and concentrate were tracked by measuring the conduc-
tivity at the outlets. However, this only gives an impression of the overall salt
content and not the individual concentrations of KF and KNOs. Thus, sam-
ples were taken to measure the salt concentrations. During the experiment,
the flow electrode was changed twice. The flow electrode initially used had
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a volume of 200 mL and was changed after about 90h. The flow electrodes
used subsequently had a volume of 400 mL. After a total experiment time
of 250h the second flow electrode was exchanged for the third. All flow
electrodes had an initial concentration of crz kno, = 150g L. The feed flow
rates were determined at the end of the experiment (V¢ p = 1.07 mL min~?
and Vg ¢ = 0.10mL min~1). Furthermore, stable outlet flow rates during sam-
pling suggest that the feed flow rates are also stable during the experiment.
A maximum deviation of 10% is assumed. In conclusion, the concentrate
flow rate is lower than the lowest concentrate flow rate studied in the var-
ious experiments described above. The diluate feed flow rate is closest
to the flow rate Vr p = 0.99mLmin~! used in the experiments described in
Section [4.3.3] There, outlet concentrations of cp xno, = 0.02 - c£ kno, @and
cp.kF = 0.16 - cp xF Were found.
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Figure 4.7: Trajectories of the concentrations during a 350 h long-term experiment.
Data points are connected by lines to guide the reader’s eye. At the breaks in the
line the experiment was stopped and the flow electrode was changed.

[Fig.[4.7| shows the trajectories of the outlet concentrations of KNO3; and KF
over time. The values are connected by lines to guide the reader’s eye. The
connecting lines are broken where the flow electrode was exchanged. The
first sample was taken 26 h after the start of the experiment. Diluate concen-
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trations are low (cp kno, = 0.01- cr kno, @nd cp ke < 0.01- ¢k kg). This is lower
than could have been expected from the previous experiments. On the
concentrate side cc kno, = 1.10 - ¢ kno, and cc xF = 1.18 - ¢ k¢ are reached.
Soon after, cc k¢ starts to rise to a value of cc kg = 1.41 - cp ge. This is an
unexpectedly high concentration degree for KF. However, over the course
of the next 50 h the desalination degree of KF decreases strongly. After 90 h
the diluate outlet concentration is only cp xr = 0.47 - c¢ k. The cause of this
trend is unclear, but it also influences the concentrate side of the FCDI pro-
cess. Since less KF is transported, the outlet concentration c¢ xr drops. A
lower transport of KF leads to a lower water transport and the concentration
cc.kno, fises. Since the high concentrations of KF in the diluate outlet are
undesired, the experiment is temporarily stopped and the flow electrode is
investigated. An analysis of the salt concentration in the flow electrode re-
veals cre knvo, = 60gL~! and cre xr = 52gL~t. This is unexpected, as the
flow electrode initially only contained 150 gL~* KNOjs. Notably, the total mo-
lar concentration remains almost constant (see [Tab.[4.7).

The first possible explanation was a leak in the module, so a leakage test
with ultrapure water was conducted. However, no leakage was detected. It
is hypothesized that the concentrations in the flow electrode might adjust
over time as a result of the irregular transport of anions across the CEMs
that separate the flow electrode from the diluate and concentrate channels.
In the CEM datasheet, the manufacturer specifies a selectivity for cations
of S > 95% for KCI. This means that around 5% of the charge transport
across the CEMs may be due to fluoride and nitrate ions. When calculat-
ing the total transport over 90 h, the observed changes in concentration are
reasonable. However, these changes do not explain the increase in outlet
concentration cp r.

After the investigation, the experiment was restarted with a new flow elec-
trode and the same diluate and concentrate feeds. Again, an initial con-
centration of cre kno, = 150gL~! is used. To reduce the effect of fluoride
crossover, the volume of the flow electrode is increased from 200 mL to
400mL. The experiment is restarted at 114 h. Initially, cp xr remains low
and cc kr is stable at cc xr = 1.28 - cp k. The concentration cc xno, falls
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Time used | Cre kno, | CFE kF | 2 CFE

[A] [

Start 0 1.48 0 1.48
End 15t FE 90 0.59 0.90 1.49
End 2™ FE 144 0.70 0.83 1.53
End 3 FE 65 0.91 064 | 1.55

Table 4.1: Time of usage and concentrations of the flow electrodes used in the
long-term experiment.

until the trend is reversed after 191 h. cp xr starts to rise again, reaching
cp.kF = 0.58 - cr xr after 258h. This time, cp ko, also rises. After a total
experiment time of 258 h the experiment is stopped again and restarted with
a new flow electrode. With this flow electrode, the experiment is continued
until enough concentrate for the EDBM step is generated after 354 h. When
adjusting for the pauses in which the flow electrodes were changed, the
experiment was run for 300 h. Comparison of the end concentrations of the
flow electrodes given in shows that the total concentration of KF
and KNOj; stays almost constant. Nitrate ions are lost from the flow elec-
trode and replaced by fluoride ions. This effect is so small that it was not
detected in the previous experiments with durations of only a few hours.
However, over the time of the long-term experiment, this small effect leads
to significant shifts in concentration. This shows why long-term experiments
are important to fully understand the behavior of the FCDI system. In sub-
sequent experiments, a flow electrode with a composition of KNO5; and KF
was used, as already tested in Section In these experiments, the
outlet concentrations were stable over time.

4.3.6 Pilot-scale Tests

The aim of the NITREB research project was to test the FCDI process on
pilot scale with real wastewater from the stainless steel treatment plant.
After scale-up of the FCDI module was complete (see Chapter [3) and the
FCDI pilot plant was built, a trial with a duration of one month was launched.
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The results from module scale-up had already shown that the desalination
performance from the lab scale could not be transferred to the pilot scale.
Therefore, the flow rates in continuous operation would need to be minimal
to achieve adequate desalination and concentration. Instead, the opera-
tion mode was changed from single-pass continuous operation to batch
operation of both diluate and concentrate. The assumption discussed in
Chapter [3] was that batch operation could improve the performance of the
FCDI process due to better flow conditions in the spacers. It is not possible
to directly compare the results from the pilot-scale tests with the tests at
the lab scale since too many variables were changed: the module layout of
the pilot-scale module is different from lab-scale modules to enable a high
membrane area. Additionally, the feed concentrations are different from the
lab-scale tests, since the concentrations in the wastewater change with the
operating parameters of the pickling line. Therefore, the aim of the results
presented in the following is not to establish a comparison between lab
scale and pilot scale but to showcase the performance of the FCDI process
in a real-world environment.

[Fig.J4.8shows the trajectories of the diluate and concentrate batch tank fill-
ing volume and the corresponding conductivities. In total, 14 diluate batches
and 75 concentrate batches are shown. Some batches were not completed
due to interruptions in plant operation. These interruptions were caused
by external factors (e.g., power cuts). At the beginning of a new batch,
the volume in the tanks increases rapidly as the new solution is pumped
into the tank. Then the volume changes slowly as a result of the water
transfer during the experiment (diluate volume decreases, concentrate vol-
ume increases). At the end of a batch, the volume sharply decreases to
a preset value as the tank is emptied. The tanks are never fully emptied.
Correspondingly, the diluate conductivity rises sharply at the beginning of
a batch because the new solution is pumped into the tank and passes the
conductivity sensor. The starting conductivity of the batch is measured
when the new solution has mixed with the remaining diluate in the tank,
and the FCDI process is started again. In the concentrate, low conductivi-
ties are measured until the solutions have mixed.
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The data also show how the target conductivities for diluate and concen-
trate were changed during the trial. At first, the target conductivity for the
diluate was 5mScm~!. This was never reached, because a minimum tank
volume of 9L was specified. When the tank volume dropped below 9L due
to water transport, the batch was automatically stopped and a new batch
was started. On May 6™ the target conductivity was changed to 30 mScm1.
Additionally, the tank volume at the beginning of a batch was changed from
21 L t029.75 L. With a larger starting volume and a higher target conductivity,
batches can be completed. However, this shows that sufficient desalination
was not achieved with the FCDI module on pilot scale. On the concentrate
side, high concentrations were targeted until May 4. The same solution
was used in multiple batches. The maximum concentrate tank volume of
28 L ended most batches. On May 4", the conductivity target was changed
to 80mS cm~L. This allowed for the completion of several batches in the next
20 days.

Due to the abundance of data, a shorter period of 42h between May 8™
2023 15:20 and May 10t 08:30 is examined more closely.

Fig.[4.9|(a) shows the trajectories of batch tank volume and inlet conductiv-
ity over time for the diluate. At first, 31 L with a conductivity of 87.3mScm~!
were present in the batch tank. The KNO3 concentration was 28gL~! and
the KF concentration was 42gL~!. The target conductivity was 30 mScm~1.
During the 42 h shown, the target conductivity was not reached; at the end
of operation the conductivity in the diluate circuit was 43.7 mScm~!. Analysis
of the sample showed a concentration of 0.82 gL~ KNO3; and 24.23gL~! KF.
While KNO3; was removed to a high degree, the KF concentration remained
high. An increase in KF transport can only be expected once there is no
KNQO; left in the diluate. The volume in the diluate tank decreased to 25.7 L.
Fig. [4.9[ (b) shows ten concentrate batches. In each batch, the conductivity
in the concentrate circuit increased from 68 mScm~! (feed composition ap-
prox. 12gL=1 KNOg, 32gL~!) to 80mScm~!. At the end of the last batch, a
sample was taken in which concentrations of 13.6 gL~ KNO3 and 36.8gL~!
KF were measured. This shows that the conductivity change of 12mScm—!
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Figure 4.8: (a): Course of diluate batch tank filling volume and diluate inlet con-
ductivity over time. (b): Course of concentrate batch tank filling volume and con-
centrate inlet conductivity over time. Operational parameters were adjusted as
described. Breaks in the data are caused by interruptions in the experiment.
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Figure 4.9: Enlarged view of batch tank volume and conductivity over time for
a duration of 42h. (a): Diluate, (b): Concentrate. The number of data points is
reduced; scattered data points resulting from measurements during the emptying
and refilling of the batch tanks are omitted for better readability.

corresponds only to small changes in salt concentration. The concentra-
tions reached with FCDI are too low for effective treatment with EDBM in
the next step of the process.

After reaching the target conductivity of the concentrate, the batch tank
was automatically emptied to a volume of 5.25L and then refilled to 10.5L
before the next batch was started. In the diagram, the volumes at the end
of each batch are marked. Throughout a batch, the concentrate gains wa-
ter through osmosis and transport of water in the hydration shells of ions
(see Chapter 2.5). The amount of water carried over increases towards
the end of the operation. An analysis of the mass balance and the total
current in the last batch revealed an unaltered high current efficiency. The
water transfer into the concentrate was greater than the water loss from the
diluate. This leads to the conclusion that the concentrate gains additional
water from the flow electrode.

In summary, the desalination capacity of one FCDI module is too low to
process a diluate batch in a reasonable time. High concentrations of KF
at the end of a diluate batch cause a high loss of fluoride. On the concen-
trate side, the KF and KNO3; concentrations at the end of a batch are too
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low to allow the successful operation of the NITREB process. To increase
the treatment capacity of the FCDI process, the membrane area must be
increased by either using modules with a higher number of repeating units
or by connecting several modules in parallel. As discussed in the thought
experiment in Chapter [, ED would likely yield better results than FCDI
without increasing the membrane area. For this reason, the FCDI step in
the NITREB pilot plant was replaced by ED.

4.4 Conclusion and Outlook

The research project NITREB led to the first demonstration of the FCDI
process on pilot scale. The application was the treatment of wastewater
from a stainless steel pickling line. On the diluate side, potassium nitrate
and potassium fluoride should be removed to at least 90%, and on the
concentrate side the concentrations should be increased to 130 % to allow
salt recycling.

Several steps were taken to validate the process on a lab scale prior to the
pilot scale trial. This chapter summarizes these steps and aims to provide
a guide for the application of FCDI to novel separation tasks. Intensive lab-
scale tests are inevitable to judge the applicability of FCDI. These experi-
ments should be conducted with a well-tuned flow electrode (with minimal
overall water loss). To enable this, the flow electrode concentration must
be set correctly, especially in the case of salt mixtures. It is sensible to
start the experiments with a well-tuned flow electrode to avoid high water
crossover. However, the following steps might require a readjustment of the
flow electrode. In these steps, the flow rates and (if applicable) the voltage
of the FCDI process are adjusted. In continuous single-pass experiments,
the flow rates of the diluate and concentrate have the greatest influence
on the resulting outlet concentrations. The voltage can only be adjusted in
cases where electrochemical reactions at the electrode will either not oc-
cur or can be tolerated. This might not be the case for all possible FCDI
applications. Long-term experiments on lab scale are valuable because
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they can reveal small influences that accumulate over time and that are not
detected in typical short-term experiments. In the work presented in this
chapter, a small crossover of anions across a cation-exchange membrane
led to an accumulation of fluoride in the flow electrode.

The flowchart presented in [Fig.[4.2 can be used to tailor the FCDI process
to other separation tasks in the future. However, caution is necessary when
transferring these results to practical application on a pilot scale: in the NI-
TREB project, the results of lab-scale experiments were satisfactory. The
desired diluate concentrations were reached. The concentrate side of the
process was limited, mainly because of the water transfer from the diluate
to the concentrate. However, the deficiencies were more severe on pilot
scale. The membrane area of an FCDI module with 20 stacking units was
too small to allow adequate flow rates for single-pass operation. Even with
batch operation, the salt transport was not sufficient to reach the target con-
centrations of the diluate or concentrate. In the NITREB pilot application,
FCDI was inferior to electrodialysis.

In the future, further scale-up of the FCDI process is needed. This can be
achieved by modules with more stacking units or by parallel connection of
multiple modules. Alternatively, the membrane cross-section could be en-
larged. However, this would necessitate new concepts for flow electrode
channels. A larger membrane cross-section would lead to longer channels
which would eventually cause high pressure loss and cause clogging of the
channels. This could be avoided with a higher number of flow-electrode
channels. Alternatively, new module concepts similar to swiss-roll reac-
tors or tubular membrane modules should be investigated. In these types
of membrane modules, the membrane area would be increased without
stacking, and the disadvantage that is caused by the parallel connection of
membranes and flow electrodes would disappear. However, the effect of
non-planar electrodes would need to be rigorously tested. [Fig. [4.10] shows
two possible module designs. The swiss-roll design in (a) uses
graphite current collectors and tubular ion-exchange membranes, the tubu-
lar module in (b) uses tubular membrane-electrode assemblies
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made of ion-exchange membranes and carbon fiber fabric. In both con-
cepts, scale-up could be achieved by increasing the length of the tubes
and by connecting multiple elements in parallel to each other.

b

Figure 4.10: Possible alternative module designs. (a): FCDI module similar to
a swiss-roll reactor employing tubular ion-exchange membranes and spacers (b):
Tubular membrane module for FCDI employing tubular membrane-electrode as-
semblies made of ion-exchange membranes and carbon fiber fabric.

For future pilot-scale tests, less demanding applications (no salt mixtures,
lower concentration differences) should be chosen. The results from the
first pilot scale test show that the required membrane area for FCDI is
higher than for its main competitor ED. This leads to a higher initial cost
for the modules. Thus, the production cost of FCDI modules should be de-
creased. Chapter[5|details a new current collector architecture that reduces
the cost of stacked FCDI modules.
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5.1 Introduction

Current collectors are an integral part of Flow-electrode Capacitive Deion-
ization (FCDI) module architectures. Chapter gives an overview of
different current collectors used in the literature. Our research group has
previous experience working with graphite plates (GPs) and membrane-
electrode assemblies (MEAS). In our research on MEAs, we realized that
these current collectors change the concept of charge transport to the par-
ticles in the flow electrode. Charge transfer no longer occurs at the three
walls of the flow channel, but directly at the membrane. Although this leads
to a significantly smaller area where electrons can be exchanged with the
flow electrode particles, the salt transport rate remains constant. We hy-
pothesized that this was due to shorter transfer paths from the membrane to
the current collector when using MEAs [Linn2020]. However, we were un-
able to prove this hypothesis. This is the first reason we wanted to continue
our work on current collectors. The second reason is the MEA manufac-
turing process. Although MEAs allow the scale-up of FCDI modules, their
production is labor- and time-intensive, as the experience with the modules
described in Chapter [3/ has shown. The hot-pressing step to laminate the
ion-exchange membrane to the carbon fiber fabric is followed by a seal-
ing step with silicone rubber. Since the MEAs themselves do not feature a
flow channel for the flow electrode, a second part (usually 3D-printed from
a polymeric, non-conductive material) is necessary. The price of these
parts amounts to a significant share of the overall price of an FCDI module.
Therefore, a novel current collector architecture should reduce the number
of parts and manufacturing steps.

Bipolar plate (BP) current collectors from expanded graphite, as used
in some fuel cells or redox-flow batteries, offer a viable alternative
[Dhak2008]. Expanded graphite plates are available in thicknesses up to
2mm, and thus thick enough so that a flow channel for a flow electrode can
be cut into them. In addition, hot-pressing an IEM directly to the expanded
graphite is possible. This facilitates easy production: the only necessary
steps are the cutting of the flow channel and the hot-pressing; no further
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gaskets or sealing steps are necessary. An overview of the constructive
advantages and disadvantages of the different architectures is given in
[Tab.[5.1] A score ranging from 1 (worst) to 3 (best) is given, and the sum
of all scores is used for evaluation. In this comparison, graphite plates and
MEAs both achieve a total score of 7, and BPs achieve a score of 9. Initial

Architecture Graphite Plate MEA Bipolar Plate
Property | Score Property Score Property Score
Flow channel | Milling ) 3D-printing | @@ Waterjet-cutting | ee®
Membrane Untreated | o®® Hot-pressing | @ Hot-pressing ()
Sealing Gaskets | o® Silicone ) Not necessary | e®®
Cost ) 00 o0
Evaluation | >y e=7] S e=7] > e=9

Table 5.1: Advantages and Disadvantages of the FCDI current collector
architectures in this chapter. For each property a score ranging from @ t0 @@ @® is
given.

tests showed that composite BPs with polymeric binder (around 10 wt%) are
more durable than BPs made from pure expanded graphite. Cutting of the
flow channel can be done with a waterjet cutter. This generates a flow chan-
nel in which the two walls provide the surface area for charge transport, as
shown in[Fig.[5.1] With graphite plates, MEAs, and BPs, there are three dif-
ferent current collector architectures that utilize different materials and have
different surface areas for charge transport to the flow-electrode particles.
This work aims to compare these current collector architectures in FCDI
experiments. In the second step, the interfacial area between the current
collector and the flow electrode (electron transfer area, ETA) is varied by
altering the flow channel geometry of the BP architecture. Additionally, the
influence of surface roughness is investigated.
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Membrane

Plate with
Flow Channel

Membrane-Electrode
Graphite Plate Assembly Bipolar Plate

Figure 5.1: Difference in the investigated FCDI architectures. When using a
graphite plate, the flow electrode has three side walls at which it can gain charge
from the current collector, shown in grey. For the MEA this reduces to the surface
area of the carbon fiber fabric beneath the membrane and for the bipolar plate to
the two side walls.

5.2 Experimental

5.2.1 Characterization of Current Collector Materials

In this chapter, three different current collector architectures are compared.
The first step was to characterize the different materials in electrical re-
sistance measurements. Samples of each material (50 mm x 50 mm) were
clamped between copper plates in a press with a force of 97kN at a tem-
perature of 25 °C.  Chronoamperometric measurements with a voltage of
1 mV were used to determine ohmic resistances, and the resistances of the
copper plates were deducted. Average resistances from three experiments
were used for comparison. From these results, resistivities were calculated
according to [Eq.[2.8]

Graphite plates are commonly used in FCDI research, and MEAs were
investigated in a previous study [Linn2020]. The bipolar plates presented
here are a new approach in FCDI; therefore, the contact between the mem-
brane and the bipolar plate was further investigated by swelling tests and
field emission scanning electron microscopy (FE-SEM, Hitachi SU5000).
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The surface roughnesses of the current collectors were investigated with
FE-SEM and optical profilometry (NT2000, Wyko Corporation).

5.2.2 Manufacturing of Current Collectors for FCDI
Experiments

For all experiments in this chapter, an FCDI single module design is used
[Romm2015]. The module size was chosen to fit ED-100 membranes
(active membrane area 100cm?, Anem o = 300cm?) from Fumatech BWT
GmbH. Two current collectors (one positively and one negatively contacted)
are required for an FCDI module.

First, graphite plate (GP) current collectors and MEAs are compared with
the new bipolar plates (BPs) with fixed geometry. Then, the geometry of the
bipolar plates is varied. The epoxy-impregnated GPs (180 x 180 x 10 mm,
MR40, Muller & Réssner GmbH & Co. KG) have meandering flow channels
with 14 turns milled into one side for the flow electrodes (3mm x 1.45mm
and 1556 mm total length). The same flow channel layout is also used in the
MEA and BP modules, as shown in (a). In the flow channel cross-
sections, the conductive material is shown in grey and the non-conductive
material in white. The resulting electron transfer area (ETA) for each archi-
tecture is given.

In the next step, the channel length of the BP current collectors was varied
by reducing the number of turns of the meandering channel from 14 to 10
and to 6, as shown in[Fig.[5.2)(b). Additionally, a BP current collector with 14
round turns was investigated. Another set of experiments investigated the
influence of the channel side walls and the bottom wall. The BP geometry
with 14 turns was used. The side walls were replaced by non-conductive
polymeric material and a second BP without flow channel geometry was
added as bottom wall, as shown in (c).

MEAs were manufactured according to the process described by Linnartz
et al. [Linn2020]. A 30 um thick FKS-30 membrane (Fumatech BWT GmbH)
was used. Furthermore, a 10 mm rim at the edges of the MEAs was fitted
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Name: GP, 14 turns MEA, 14 turns BP, 14 turns
ETA: 9081 mm? 4655mm? 4426 mm?

Name: BP, 6 turns BP, 10 turns BP, 14 turns, round
ETA: 2242 mm? 3364 mm? 4426 mm?
| .
Name: BP, 14 turns BP, 14 turns
bottom wall non-cond. walls
ETA: 9081 mm? 4655mm?

Figure 5.2: Different FCDI current collectors investigated in this chapter. (a): Com-
parison of different architectures. The GP and the MEA architecture consist of two
separate parts, in the BP architecture the membrane and current collector form
an assembly. The flow channel geometry is the same in all three architectures.
(b): Variation of the flow channel in the BP architecture. (c): BP architectures with
the addition of a conductive bottom wall. The BP with a conductive bottom wall
has the same ETA as the GP architecture. The conductive bottom wall with non-
conductive side walls has the same ETA as the MEA architecture.
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with copper tape with a conductive adhesive (ET1181, 3M Corporation)
to enable good electrical contact. The flow fields for the MEA modules
were 3D-printed with VeroClear material (printer: Objet Eden260, material:
VeroClear, Stratasys Ltd.). For the BP modules, expanded graphite plates
(Sigracell FR10, SGL Carbon SE) with a thickness of 1.6 mm were used.
The flow channel was cut into the plates by waterjet cutting. Afterwards,
CEMs (FKS-130, Fumatech BWT GmbH) were pressed onto the plate at
120 °C and 570 Ncm~2 for 7 min. During pressing, the BP and the CEM were
sandwiched between aluminum plates (to achieve a good alignment of the
CEM and BP) and 250 ym thick sheets of PTFE (to avoid sticking of the CEM
to the aluminum plate). The edges of the BP current collectors were fitted
with the same copper tape used for the MEAs. The pressing procedure
causes the thickness of the expanded graphite plate to reduce to 1.45 mm.
Thus, the same channel depth was used for the manufacturing of the flow
fields for MEAs and graphite plates.

Anion exchange membranes (FAS-130, Fumatech BWT GmbH) and two
0.5 mm thick mesh spacers (ED-100 Spacer, Deukum GmbH) were used to
complete the modules. Polyoxymethylene end plates were used to clamp
the modules and provide connections for the flow-electrode channels and
the feed spacers.

5.2.3 FCDI Experiments

The FCDI experiments were carried out in continuous single-pass opera-
tion. Feed solutions were prepared by dissolving 60gL~! sodium chloride
(VWR International GmbH) in ultrapure water. The flow electrode was pre-
pared by suspending 15 wt% activated carbon powder (Carbopal SC11PG,
Donau Carbon GmbH) in the same solution. The flow electrode was stirred
for at least 12h prior to use. The water feed flows were conveyed by
peristaltic pumps (REGLO ICC Digital Peristaltic Pump 2-Channel, Cole-
Parmer Instrument Company LLC.) from a feed vessel through the mod-
ule to a product vessel. The flow electrode was conveyed with a peristaltic
pump (Masterflex Easyload Il, Cole-Parmer Instrument Company LLC.), the
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flow rate was set to 200 mL min—! for all experiments. The electric potential
was provided to the module by a power supply, which also measured the
current (HM8143, Rohde & Schwarz GmbH & Co. KG). The conductivi-
ties of diluate and concentrate at the module outlet were measured with
conductivity sensors (SE615-MS, Knick Elektronische Messgerate GmbH
& Co. KG and LTC0.35/23, Xylem Analytics Germany Sales GmbH & Co.
KG). The pressure drop of the flow electrode channels was measured with
pressure sensors (A-10, WIKA AG). The sensors were mounted at the inlet
of the first flow electrode channel and at the outlet of the second channel.
Thus, both flow electrode channels in the module were measured, includ-
ing the tubing that connected them. The length of this tubing was constant.
At the module inlet, the pressure oscillates due to the peristaltic pump. The
average pressures were used to calculate the pressure drop. Data from
all sensors and the power supply were acquired and logged with a setup
supplied by ZUMOLab GmbH.

Due to the single-pass experiment mode, the outlet conductivities develop
towards a steady state. This steady state is used to compare the experi-
ments with each other. The inlet and outlet mass flows are measured by
taking samples for a fixed time and weighing them. The density of the
samples is measured (Densito 30PX, Mettler-Toledo International Inc.), al-
lowing the calculation of exact volumetric flow rates. A correlation between
density and sodium chloride (NaCl) concentration (see Appendix) is used
to calculate concentrations from the measured density. To verify the validity
of this correlation, some samples were also investigated by ion chromatog-
raphy (930 Compact IC Flex, Deutsche METROHM GmbH & Co. KG. An-
ion column: Metrosep A Supp 7 - 250/4.0. Cation column: Metrosep C
6 - 250/4.0). The deviation between the ion chromatography results and
the correlation results was in the range of +5%. For each different FCDI
module, at least three experiments were performed and included in the
evaluation. The metrics used for the comparison of the FCDI experiments
are given in and [Eq.[2.6] The number of cell pairs and stacking
units in all experiments is ny, = 1 and n, = 1. The total membrane area is
Amem tor = 300cm? (from two 100cm? CEMs and one 100 cm? AEM) which is
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constant in all experiments.

5.3 Results and Discussion

5.3.1 Material Characterization

While different current collector designs for FCDI are known in the litera-
ture, there are no studies in which bipolar plates (BPs) made of expanded
graphite are used. Thus, initial tests were necessary to evaluate the ma-
terial and compare it to the reference materials (here: graphite plate and
membrane-electrode assembly).

First, the electrical resistances of the material samples were measured.
Low resistances are an important prerequisite for the use of materials as
current collectors. Graphite is an anisotropic material with a difference be-
tween in-plane and through-plane resistances. BPs made from expanded
graphite, also show this anisotropy at the macroscopic level, caused by ex-
panded graphite flakes [Celz2000]. According to the manufacturer’s data
sheet, the through-plane resistivity of the bipolar plates is higher (in-plane:
7 x 1077 Qm, through-plane: 1 x 1073 Qm). Thus, through-plane resistivities
were used to compare the materials and give a first impression of their suit-
ability as current collectors. All materials were tested in the thicknesses that
were used to manufacture current collectors for FCDI experiments (graphite
plate 10 mm, BP 1.6 mm, carbon fiber fabric 0.1 mm).

First, the electrical resistances of the material samples were measured,
then resistivities were calculated according to [Eq. 2.8, The BPs used in
this study contain a polymeric binder. To investigate the influence of the
binder material on the conductivity, a sample of pure expanded graphite
was measured as comparison. The resistances are given in[Fig.[5.3] The
values range from 0.36 mQ for the carbon fiber fabric to 0.52 mQ for the BP.
Notably, the resistance of the pure expanded graphite is higher than that
of the BP. However, the differences between the materials are negligible in
comparison to the typical ohmic resistances of an FCDI cell (800 mQ). Thus,
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BPs made from expanded graphite with binder are electrically well-suited
as current collectors for FCDI. Furthermore, the resistivities are also shown
in[Fig.[5.3] The resistivity of the bipolar plate is with 8 x 107* Qm close to
the manufacturer’s value.
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Figure 5.3: Resistivities and resistances of different materials studied as FCDI
current collectors. The resistance of the bipolar plate is compared to graphite,
carbon fiber fabric used for MEAs and a plate of pure expanded graphite.

The current collectors are formed by hot-pressing ion-exchange mem-
branes to the BPs. The results of the hot-pressing procedure are inves-
tigated by FE-SEM. The images in (a) and (b) show that the ion
exchange membrane only adheres to the top layer of the BP and does not
penetrate the material. At the edges, the membrane detaches slightly from
the BP. However, the connection of the two materials is stable enough to
withstand handling without any issues. Swelling of the membrane in water
also does not cause delamination, as shown in the photographs in[Fig.[5.4|
(c) and (d). A sample cut out of a current collector was photographed first
in dry state (c) and then again after being submerged in ultrapure water for
seven days (d). Although the local detachment of the membrane and the
BP is visible as light spots, the membrane stays firmly attached to the BP. In
the FCDI experiments, the current collectors are additionally clamped in the
FCDI modules. When the modules were taken apart after the experiments,
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FE-SEM images Swelling test

Figure 5.4: Visual investigation of bipolar plates with hot-pressed membrane.
(a/b): Field emission scanning electron microscopy images of the membrane hot-
pressed to the bipolar plate. (c/d): Photographs of a different sample that was
used to investigate membrane swelling in ultrapure water. After seven days some
light spots are visible, which show the delamination of the membrane from the
bipolar plate. Overall, the membrane remained firmly attached.

no detachment of the membranes from the bipolar plates was observed.

5.3.2 FCDI Experiments

FCDI experiments were performed to compare the different current collec-
tor architectures. In the first set of experiments, newly developed BPs were
compared with graphite plates (GPs) and membrane-electrode assemblies
(MEAs). The arrangement of ion-exchange membranes was CEM-AEM-
CEM (CAC).[Fig.[5.5|(a) shows the concentration differences reached in the
experiments. GP and BP show higher concentration differences in the dilu-
ate and concentrate as the MEA architecture. (b) shows high cur-
rent efficiencies above 0.95 for all architectures; current efficiencies above
1.0 are caused by inaccuracies in the concentration and mass flow mea-
surements. However, it can be concluded that all three architectures have
similarly high current efficiencies, as expected for a non-faradaic process.
The average salt transfer rate (ASTR) of the BP architecture is greater than
that of GPs and MEAs. BPs also have the advantage of being thinner and
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Figure 5.5: Results of FCDI experiments with the different current collector ar-
chitectures investigated in this chapter. The feed flow rates of the diluate and
concentrate are kept constant at 1 mL min—.

easier to manufacture (as shown in[Tab.[5.1). Another advantage of the BPs
lies in the flexibility of switching from CEM-AEM-CEM (CAC) arrangement
to AEM-CEM-AEM (ACA) arrangement. Typically, the ACA arrangement
causes problems for GP and MEA architectures when working with high
chloride concentrations. The chloride ions pass through the AEMs that are
adjacent to the current collectors. In the GP arrangement, the membranes
are not attached to the current collectors. This causes hydrodynamic dead
zones between the membrane surface and the corrugations of the GPs. In
these dead zones, high chloride concentrations build up and can lead to
damage of the membranes. For the GP architecture, this can be avoided
by coating the top side of the corrugations with epoxy resin [Romm20135].
This is not necessary when working with BPs, since the corrugations of
the flow channel are fixed to the membrane and no dead zones are gen-
erated. When switching to the ACA setup we did not observe any damage
to the membranes upon disassembly. A comparison of results with the two
arrangements is given in[Fig.[5.6] The CAC arrangement shows higher AS-
TRs and greater concentration differences. This can be explained by faster
transport of sodium cations. In the single-module configuration, one type
of ion needs to be transported across two membranes. A faster transport
of sodium would explain why the CAC setup (where sodium is transported
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Figure 5.6: Comparison of normalized concentrations, ASTRs and current effi-
ciencies for CAC and ACA arrangement.

across two membranes) yields higher ASTR. However, this effect is not fur-
ther investigated in this chapter, since the CAC arrangement was used for
all other experiments.

Interestingly, the larger electron transfer area (ETA, see of the
GPs seems not to influence the results in our comparison in[Fig.[5.5] This
is in line with the results obtained from the study of MEAs [Linn2020]. In
that study, it was hypothesized that the close contact between the current
collector and the membrane in the MEAs was the reason for the similar
performance. Since this close contact is not given when using the BP,
we became interested in the influence of current collector designs on the
ASTR. Our goal was not to investigate the charge transport at the micro-
scopical level but to come up with rules for the design of current collectors
that enhance the salt transfer in FCDI.

When the flow-electrode composition, membranes, and operating voltage
are kept constant, there are four parameters of the current collectors that
can influence charge transport in FCDI: membrane area, electron transfer
area, flow channel design (hydrodynamics), and current collector material.
When altering current collector designs, it is difficult to vary one of the pa-
rameters independently from the others. In a first step, we deliberately
shortened the flow channels of the BPs from 14 turns to 10 and 6 turns. By
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Figure 5.7: Results from pressure drop measurements for all architectures used
in the comparison of hydrodynamics.

doing so, we reduced the electron transfer area, as well as the membrane
area between the spacer channels and the flow electrode. Additionally, we
included a geometry with 14 round turns to test the influence on hydrody-
namics. Zhang et al. investigated the influence of flow channel layout on
FCDI. However, their results are influenced by different flow rates of the
flow electrode [Zhan2022b]. In our comparison, we kept the flow rate con-
stant and investigated the hydrodynamics by measuring the pressure drop
of the current collectors. Notably, the waterjet cutting enables easy and
quick manufacturing of the different geometries. The resulting designs are

shown in[Fig. 5.2/ (b).

The pressure drops in the flow electrode channels of these experiments are
plotted in All experiments are done with the same flow rate. The
pressure drop of geometries with longer flow channels is higher. Interest-
ingly, the pressure drop measured for the BP with 14 round turns is higher
than for the standard geometry with 14 turns.

The results of the FCDI experiments are shown in [Fig. [5.8 Here, con-
centration differences and ASTR are plotted over the electron transfer area
(ETA). The ETA is defined as the sum of all conductive surface areas, where
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flow-electrode particles can exchange charge with the current collectors.
The current efficiency of the experiments is given to demonstrate that the
experiments are not influenced by low efficiency. In [Fig.[5.8| (a) and (b)
the results for geometries with varied flow channel length are shown. The
concentration differences and the ASTR show almost linear behavior. The
same would be true for plotting them over the membrane area, since the
membrane area and the ETA are geometrically linked to each other.
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Figure 5.8: Influence of flow channel design on desalination experiments with BP
architecture. (a/b): Variation of flow channel length. (c/d): Rectangular turns vs.
round turns.

From these experiments, it can be concluded that (unsurprisingly) the
length of the flow channel in a current collector influences the salt trans-
fer in FCDI. This could be due to the influence of the membrane area, ETA,
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or both. We assume that the membrane area is not a limiting factor for
ion transport, as current densities in all experiments are around 25 mA cm—2,
and ion-exchange membranes can be operated with current densities up
to 50 mA cm~2 in electrodialysis [Jian2014]; [Sun2021]. This implies that the
lower ETA is responsible for the lower ASTR. Future current collector de-
signs should aim to maximize both the membrane area and the ETA. As
shown here, this is possible by adding more turns to a meandering flow
channel. However, the number of turns is limited by the width of the cor-

rugations forming the flow channel. With the BP material used here, a
minimum width of 3mm is required to guarantee mechanical stability. Al-
ternatively, the width of the flow channels could be minimized to achieve a
higher number of turns in the same area. However, this would change the
hydrodynamics of the flow electrode in the channel.

Fig. 5.8/ (c) and (d) show the comparison of BPs with 14 rectangular turns
and 14 round turns. There is no significant difference in the concentra-
tions and the ASTR between these two geometries. In this case, the round
corners do not improve salt transfer. Due to the higher pressure drop mea-
sured for round corners, no more experiments with this geometry are con-
ducted. For future improvements of current collectors, the hydrodynamics
in the channel could be taken into account, e.g., by CFD simulations. Ge-
ometries such as the spiral design suggested by Zhang et al. might have
some merit [Zhan2022b], but for scale-up by stacking it is crucial to have
both inlet and outlet close to the outer edges of the module.

Another advantage of BPs lies in the fact that the cut-through channels are
open to both sides of the plate. This enables hotpressing of membranes
to both sides of the expanded graphite plate. When doing so, the BPs can
readily be used for stacking (in an approach with repeating flow electrode
channels, as described in Chapter [3). The impact of hot-pressing CEMs
to both sides of a current collector was investigated here without stacking.
Two current collectors with CEMs on either side were prepared and built
into a single module. This way, the CEMs facing toward the outside of the
module do not contribute to charge transport. However, the setup can be
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used to investigate whether such an arrangement is possible or whether
the addition of a second membrane leads to clogging of the flow channel.
[Fig.[5.9shows the results of the standard BP architecture in comparison to
the stackable BP architecture. For stackable BP, the ASTR and concentra-
tion differences are significantly lower (ASTR 29 % lower). The flow channel
of the flow electrode was less deep, as the membranes were sagging into
the channel from both sides. However, no clogging was observed. More
experiments in a stacked module would be necessary to evaluate whether
the decreased performance would persist or if it could be remedied with a
change in flow rates.
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Figure 5.9: Comparison of regular BP architecture to stackable BP architecture
with CEMs hotpressed to both sides of the current collector plate.

The architecture with stackable BPs is suitable for scale-up and could be
used to build stacked modules, which are more cost-effective than the mod-
ules described in Chapter [3] In the scope of this chapter, we did no further
experiments with this setup and instead focused on the influence of ETA on
the results of FCDI experiments.

In the next step, the effect of varying the ETA without influencing the mem-
brane area is investigated. An easy way to do this is to add a bottom wall
made of conductive material to the initial BP setup. When doing this, the
possibility of stacking the BPs is lost, but it could be used at the outsides
of a stacked module. Alternatively, stacking three expanded graphite plates
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would be possible: a middle plate without flow channel geometry and two
outer plates with the flow channel geometry and membranes hot-pressed to
them. Here, we used a plate cut from the stock material of our BPs without
a flow channel as a bottom wall and added a standard BP with membrane
on top. When the plates are pressed together in the FCDI module, a seal
is formed between them without the need for gaskets. While our standard
BP module has an ETA of 4426 mm?, the system with the bottom wall has an
ETA of 9081 mm?. This is the same ETA as for the graphite plate architecture.
In addition to the experiments with the bottom wall, we also investigated a
system with a conductive bottom wall but non-conductive side walls. In
this case, the side walls of the flow channel were made of polymeric ma-
terial. This led to an ETA of 4655 mm?, the same as the MEA architecture.
However, the flow channel cross-section and the membrane area remain
unchanged. The flow channel geometries are shown in[Fig.[5.2(c).
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Figure 5.10: Results of desalination experiments with regular BPs, conductive
bottom walls and non-conductive side walls.

The concentration differences are shown in (a). There are no
significant differences between the standard BP and the conductive bottom
wall with non-conductive side walls. However, adding the bottom wall to
the BP leads to a higher concentration difference. While the BP without
bottom wall achieves a diluate concentration of 0.27 ¢ and a concentration

of 1.51 ¢, the system with bottom wall reaches 0.02 ¢ and 1.61¢c-. This is
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by far the largest concentration difference documented in our experiments
and is close to the complete removal of salt from the diluate feed stream.
[Fig.[5.10|(b) shows high current efficiencies for all three modules. With non-
conductive side walls, the ASTR is lower than with the standard BP even
with a higher ETA. This result suggests that charging the flow-electrode
particles at the side walls is more effective. Interestingly, the ASTR is al-
most equal to the result of the MEA architecture shown in (b). For
both sets of experiments, the average ASTR is 2.29 ymolmin—tcm~=2. This
is consistent with expectations, since both systems have the same ETA.
Therefore, the results suggest that there is no difference between charging
the particles at the bottom of the flow channel or at the top close to the
membrane. Further investigation in future work is required, as it can aid in
the design of flow channels for FCDI or similar processes.

The BP with the bottom wall has an ETA of 9081 mm? and reaches a current
density of 34 mAcm~2 and the highest ASTR (3.55 pmol min~*cm~2). How-
ever, the ASTR is lower than the ASTRs of the other two modules in this
comparison added together. This could be due to the low concentrations
of diluates reached in these experiments. Single-pass experiments lead
to low diluate concentrations towards the outlet of the FCDI module. In
this case, the diluate concentrations reach 1.75gL~!. Thus, there is insuffi-
cient salt left to be transported, limiting the ASTR. The direct comparison
between the graphite plate and the BP with the bottom wall reveals a ma-
jor disadvantage of the graphite plate architecture. Although both have an
ETA of 9081 mm?, the ASTR when using the BP is 55 % higher. This result
cannot be explained by differences in hydrodynamics, membrane area, or
ETA. Therefore, it must be caused by differences in the materials. Chen et
al. hypothesized that charge transfer of graphite plates can be hindered by
surface roughness and oxygen erosion of the carbon microcrystals at the
surface of the graphite. They were able to improve their graphite current
collectors by coating them with polyaniline [Chen2022]. Surface roughness
is also a possible cause in our experiments because of the different materi-
als and manufacturing techniques we used to obtain the current collectors.
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Figure 5.11: Field emission scanning electron microscopy of the surfaces of dif-
ferent current collectors. Arrows indicate the surfaces shown in the images. The
surface roughness values R, are measured with optical profilometry.

The difference in surface quality is investigated with field emission scanning
electron microscopy (FE-SEM) and optical profilometry. FE-SEM images
are shown in[Fig.[5.71] The roughness values R, beneath the images are
calculated from profilometry results. The average of at least three measure-
ments at different locations of the material is used. The untreated surface
of the BP used as the bottom wall (see[Fig.[5.11]c) is the smoothest surface
in the comparison. The walls of the channel in the graphite current collector
are manufactured by milling and are also relatively smooth (see
a). Here, the side wall is shown, but FE-SEM shows no difference in the
smoothness between the side wall and the bottom wall for this current col-
lector. The side walls of the BP are significantly rougher than the surface
because they are cut with the waterjet cutter. The result of this comparison
is inconclusive. The bipolar plate bottom wall is smoother than the graphite
plate, but the side walls are less smooth. To investigate whether surface
roughness impacts the FCDI experiments, the roughness of the bottom
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Figure 5.12: Results from experiments in which the surface roughness of the bot-
tom wall of the bipolar plate setup is increased. The results from the graphite plate
setup are given for reference.

wall is increased. |Fig. [5.11| (d) shows the surface of the bottom wall after
artificially increasing the roughness by treatment with sandpaper.

The impact of this artificial surface roughness on ASTR in FCDI experi-
ments is shown in[Fig.[5.12 With a rougher surface of the bottom wall, the
ASTR decreases while the current efficiency remains high. However, the
ASTR is still more than 40 % higher than for the graphite plate. This result
supports our hypothesis that surface roughness influences current collector
performance. Future research is needed to understand how surface rough-
ness interferes with the charge transport between the current collectors
and the flow-electrode particles. The roughness of the side walls needs
to be included in the investigation. Additionally, long-term experiments are
needed to test whether the abrasion caused by the flow-electrode particles
will deteriorate the surface quality of the BPs and decrease ASTRs over
time.

Typically used graphite plate current collectors show a salt transport lower
than modules with membrane-electrode assemblies or BPs. The surface
roughness of the graphite plates stems from the machining process and
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could be avoided with a different manufacturing process or a coating. How-
ever, graphite plates are likely to remain more expensive and less well
suited for scale-up by stacking.

Our work shows that there is untapped potential for improving two-
dimensional FCDI current collectors. Although charge transport between
current collectors and flow-electrode particles remains a challenging topic,
simple constructive changes in current collectors can lead to important ben-
efits in the FCDI process.

5.4 Conclusion

Due to the limitation of cell stacking described in Chapter [3| multiple cur-
rent collectors are necessary to build an FCDI module at an increased
scale. Thus, the performance and price of these current collectors be-
come increasingly important. In this chapter, different current collector ar-
chitectures are compared: graphite plates, which are typically used in FCDI
research, membrane-electrode assemblies made from carbon fiber fabric,
and a new type of bipolar plates made from expanded graphite. Our re-
sults show superior salt transport in modules built with the bipolar plates,
which are also cheaper to manufacture than graphite plates and easier to
apply than membrane-electrode assemblies. The bipolar plates can be
used with an ion-exchange membrane on both sides to enable stacking.
Alternatively, it is possible to add a conductive bottom wall. With the bot-
tom wall, the surface area where the charge can be transported between
the current collector and the flow electrode is equal to that of the graphite
plate architecture. However, the salt transfer rate with bipolar plates is 55 %
higher. We conclude that this enhancement is partially caused by the lower
surface roughness of the bottom wall. Our research shows that the ideal
current collector for FCDI with an activated carbon flow electrode has to
have a high surface area available for charge transport, with the side walls
close to the membrane contributing more to charge transport. The sur-
faces should be smooth; however, the influence of surface roughness on
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the charge transfer process needs to be investigated in more depth in the
future. Although there is a lot of research on the particles that form flow
electrodes, our work shows that there is great potential for improvement in
the engineering of current collectors. In future work, current collectors and
flow-electrode particles could be tuned together to optimize charge transfer.
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6.1 Introduction

Membrane processes achieve the separation of components by restricting
transport across the membrane to certain components. This leads to the
development of concentration profiles along the membrane surface. These
concentration profiles can, in turn, influence transport due to concentration
gradients or osmotic pressure. Measurements of concentration changes
during the operation of a membrane process are crucial to correctly operate
the process and understand the processes at the membrane surface.

Electro-membrane processes that deal with the separation of ions from
aqueous solutions, like Electrodialysis (ED) or Capacitive Deionization
(CDI), are typically operated in batch mode [Stra2004]. This implies that
the solutions undergo multiple passes through the membrane module, and
the concentration changes during each pass are negligible. To monitor
variations in concentration over time, it is typically sufficient to measure
the concentrations at the module inlet, module outlet, or in the batch tank
[Stra2004]. Because the direct measurement of ion concentrations in flow
is challenging, other quantities such as the conductivity of the solution are
measured. Chapter [2.6] describes Kohlrausch’s law as an empirical corre-
lation that can be used to calculate concentrations from conductivities.
However, if an electro-membrane process is operated in continuous single-
pass operation, then the desired change in concentration occurs during just
one pass of the membrane module. Single-pass operation may be used for
Flow-electrode Capacitive Deionization (FCDI) or ED. If concentrations are
measured only at the module inlet and outlet, this does not allow monitor-
ing of concentration changes. Thus, there is no information on the local
evolution of concentrations in the module. This information would be cru-
cial for a better understanding of transport phenomena in FCDI. Because
ion transport in the electric field and water transport in hydration shells as
well as water transport by osmosis interact with each other, the resulting
concentration profiles are non-linear.

Concentration profiles were investigated in simulations (ED: [Zour2015];
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[Batt2021], FCDI: [Wang2020]). In our research group, Rommerskirchen et
al. developed a process model for FCDI [Romm2018]; [Romm2020a]. This

model was enhanced to allow the calculation of local salt concentrations in
an FCDI module [Linn2022]. However, the predictions of the model cannot
be validated in experiments because there is no method for measuring local

salt concentrations.

Membrane resistances are typically measured with reference electrodes
or thin metal wires [Geis2014]; [Gala2016]. However, this only allows to
characterize the membrane conductivity (which to some extent depends
on the surrounding salt concentration) but not the salt concentration in the
module. Segmented ED modules can be used to achieve local resolution
of currents and concentrations [Door2020]; [Fili2023]. No further attempts
at measuring local salt concentrations in electro-membrane processes are

documented in literature. However, in other fields of research, measure-
ment techniques like wire mesh sensors (WMS) and electrical impedance

tomography are applied to resolve local resistances [Vela2015]; [Mila2020].
More detail on WMS is given in Chapter [2.6.3]

This chapter describes WMS that can be used to measure resistances in
a spacer channel. These resistances can then be used to calculate salt
concentrations. The chapter details the first application of this device and
showcases the results of its evaluation.

6.2 Experimental

In this chapter, a setup for the investigation of local salt concentrations
in narrow spacer channels is developed. The setup is based on wire
mesh sensors (WMS), which are described in Chapter [2.6.3] In the litera-
ture, conductive WMS was used to measure salt concentrations in liquids
[Hohn2006]; [Klie2008b]. Therefore, conductive WMS is also applied in
this work. The flow geometry of the narrow spacer channel is similar to the
channels studied in the work of Ito et al. [lto2011]. The flow channel in
their work had a width of 25 mm and a depth of 3mm. The spacer channels
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Figure 6.1: Design of WMS for concentration measurements. (a): Wire isolation
is removed at all crossing points resulting in four points for measurement and the
equivalent circuit below. (b): Wire isolation is removed at only one location for
each wire, resulting in two measuring points and a circuit with just the investigated
resistance Ry.

used in FCDI are even narrower, with a depth of just 500 ym. We adapted
their approach by placing transmitter and receiver wires on either side of
the spacer channel.

A common problem in WMS is cross-talk between measuring points. Liter-
ature recommends placing the electrodes sufficiently far apart to minimize
the amount of cross-talk and amplifying the desired signal with operational
amplifiers [Vela2015]. In our initial tests, we used a setup with two planes
of two wires each, leading to four measuring points. With an increasing
number of wires (ny/) the number of measuring points would increase ac-
cording to np = (“%)2. Isolated platinum wires (diameter 125 pm with 14 ym
thick polyester insulation, Goodfellow Cambridge Ltd.) were used. The iso-
lation was removed locally at the measuring points. The design is depicted

in[Fig-F-1] (a).

The wires were attached to a potentiostat (Reference 3000™, Gamry In-
struments Inc.) to perform electrochemical impedance spectroscopy and
yield local solution resistances at the wire crossing points. However,
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this initial design was flawed, as it led to the equivalent circuit shown in
Fig. 6.1 (a). When measuring between the two first wires marked with tri-
angles, the desired resistance Ry4 is in a parallel connection to the series
of Ry», Ras, Rsq. Since all resistances are in the same range, this leads to
a resistance measurement that is approximately 25 % lower than the correct
value for Ry¢. If all other values are known and stay constant over time,
measurements could be corrected in a post-processing step. However, the
local resistances in an FCDI module will change over time. Thus, this initial
setup was not suited for the application in FCDI. In the future, the cross-
talk between the measuring points could be reduced by applying an exter-
nal circuit with operational amplifiers. Instead, we decided to use a setup
where the isolation of each wire is only removed in one place, as shown in
Fig.|6.1| (b). This yields the two measuring points R{; and R», that are inde-
pendent from one another. This enabled measurements without cross-talk
between the measuring points. However, the number of measuring points
now only scales with np = 2.

In the next step, the test cell was changed to a module that allowed clamp-
ing of a spacer from an FCDI module and four wires in each plane, yielding
a WMS with four individual measuring points (P1-P4). The module had a
transparent upper plate, which allowed visual examination of the fluid in
the spacer. The setup is shown in[Fig.[6.2l An Arduino-controlled circuit
(Arduino Board Mega 2560 Core) was designed to automatically switch
between measuring points. The circuit diagram is given in the Appendix.
The wires and the spacer were clamped in the module and a leakage test
was performed. Before an experiment was started, the measuring points
were calibrated. Individual calibration of each measuring point is neces-
sary since the distance between the wires cannot be assumed to be con-
stant. Calibration was done by flooding the spacer with a solution of known
concentration and measuring the resistances at all four measuring points.
Then the solution was flushed out of the module and replaced by the next
solution. In our experiments, we expected concentrations in a range of
25gL~! to 40gL~!. Thus, sodium chloride (NaCl) solutions with 25gL1,
30gL1, 35gL~! and 40gL~! were used for calibration. The resistances R; ;
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transparent upper plate
spacer

isolated Pt wires

Figure 6.2: Test cell for wire mesh sensor with four individual measuring points.
Pt wires (shown in red) are separated by a typical ED100 spacer for FCDI experi-
ments.

for the / = 1..4 measuring points with all j = 1..4 solutions were measured.
Each measurement was repeated five times. For each measuring point, a
Belehradek-type function was fitted to the data. The function is a power
law, as shown in[Eq.[6.1] It should be noted that the fitting function does
not describe a physical correlation between concentration and resistance.
However, it was generally found to fit the data better than Kohlrausch’s law
(see[Eq.[2.72). In the next step, the fitting curves can be used to calculate
concentrations from the resistances measured in experiments.

Rij = ai- (cnacij — bi)“ (6.1)

In the experiments, solutions were flushed into the spacer with syringes
or with a peristaltic pump (REGLO ICC Digital Peristaltic Pump 2-Channel,
Cole-Parmer Instrument Company LLC.) and the resistances at the mea-
suring points was measured. Some solutions are mixed with a dye to allow
visual examination of fluid mixing. The dye Tartrazine (C.l. 19140, Carl
Roth GmbH & Co0.KG) is used. The influence of 1w% Tartrazine on the
conductivity of a solution with a concentration of 25 gy,¢/L was investigated
with a conductivity probe. It was found that the addition of the Tartrazine in-
creases the conductivity from 36.26 mScm~1! to 40.07mScm~!. This increase
in conductivity has to be taken into account in the evaluation of solutions
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colored with Tartrazine. The higher conductivity of the colored solutions
leads to lower resistances in the measurement. Thus, the concentrations
of colored solutions are overestimated. In the experiments, the resistances
of the measuring points were measured sequentially. Each measuring point
was measured five times, and the average was used for evaluation.

6.3 Results and Discussion

6.3.1 Calibration and Verification

Calibration of the individual measuring points was performed with sodium
chloride (NaCl) solutions. The concentrations were 25gL~1,30gL~%, 35gL!
and 40gL~!. The results are plotted in [Fig. |6.3| (a). The results of P1, P3,
and P4 are comparable with each other; the resistances measured at P2
are lower. This might be a result of a lower distance between the wires.
Calibration curves were fitted to the data as described in Section[6.2] The
resulting calibration curves are plotted in [Fig. [6.3[ (b), the fitting parameters
a;, b, ¢;, and the goodness of fit R? are given in[Tab.[6.1]

A first experiment was used to verify the independence of the four measur-
ing points. Salt solutions were pumped into the module so that first only
P1 was wetted with the solution, and the resistance at P1 was measured.
The module was then filled further, so that successively also P2-P4 were in
contact with the solution. Again, the resistance at P1 was evaluated to ver-
ify the independence of P1 from the other resistances. shows the
resulting resistances. The resistances measured in P1 remain constant;

Table 6.1: Parameters a,b,c of the Belehradek functions used to fit the data from
the calibration of P1-P4.

P1 P2 P3 P4

2 | 14313.99 17111.88 400.37 6878.39
b | -2554  -29.85 445 -20.16
G | -1.42 146 066 -1.27
R?| 0.9808  0.9655 0.9937 0.9895
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Figure 6.3: Results from the calibration of the WMS. (a): Resistances measured
for four different salt concentrations. (b): Fitting curves calculated for the measur-
ing points P1-P4.

the largest difference in resistance is detected when filling the module with
25 gnaci/L. The maximum deviation between the measurements (P1) and

(P1,P2,P3,P4) is 1.2%, a parallel connection as shown in [Fig. [6.1| (a) is
avoided.

In conclusion, the WMS in the test cell enables independent measurements
without cross-talk. In the next step, the test cell is subjected to changing
concentrations to evaluate the time-dependent behavior of the measuring
points.
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Figure 6.4: The independence of the resistance at P1 from P2-P4 is investigated
by increasing the amount of solution in the module stepwise so that the number of
wetted measuring points increases.

6.3.2 Diffusion

The first possibility to induce a time-dependent change of concentrations in
the module is diffusion between two salt solutions with different concentra-
tions. At the start of the experiment, the module was completely filled with
a solution with a concentration of 25 gy.c;/L. Then a syringe was used to in-
ject 3mL of a solution with a concentration of 40 gy, /L at the inlet closest to
P4. The solution was colored with Tartrazine to visually track the diffusion.
During the first 60 min of the experiment, resistances were measured every
5min, then the intervall was increased to 10 min. The concentrations calcu-
lated from the resistance measurements are plotted in The initial
concentrations before the start of the experiment are given at t = —0.5 min.
P1 and P4 measure close to 25 gnaci/L, While P2 and P3 are shifted. Then,
the colored solution with 40 gnac/L is introduced, so that P4 is placed within
this solution. The concentration at P4 is initially calculated at 38.90 gnaci/L
and then decreases steadily. After 180 min a concentration of 30.58 gnaci/L IS
reached.

Diffusion in the module does not occur uniformly, as evidenced by pho-
tographs taken during the experiment (see Appendix). This is likely caused
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Figure 6.5: Trajectories of the concentration at the measuring points P1-P4 during
diffusion of a 40 gnac/L solution starting from P4.

by the spacer mesh influencing the direction of diffusion. P2 is reached
first and the concentration starts to increase from an initial concentration
of 26.7 gnaci/L t0 a final concentration of 31.5gnaci/L. The concentration at
P3 is initially underestimated with 23.8 gnaci/L and then rises to a final value
of 25.5gn.c1/L. The concentration measured at P1 stays almost constant
throughout the experiment (25.5 gnac/L). This corresponds well with the vi-
sual examination of the diffusion front, which does not reach P1 during the
experiment (see Appendix). Overall, the WMS seems capable of correctly
detecting time-dependent concentrations in the module.

6.3.3 Convection

The main goal of the WMS setup is to measure the concentration changes
during flow in an FCDI module. Another experiment was devised to test the
applicability of the WMS in flow. In the beginning of the experiment the test
cell was filled with a solution with a concentration of 30 gy.c;/L. The mod-
ule was set up vertically, as in an FCDI experiment. Then a solution with
40 gnac)/L was pumped into the module from bottom to top. This solution
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was mixed with Tartrazine. Resistances at all measuring points were mea-
sured in 30s intervalls. The calculated concentrations are given in [Fig.[6.6]
The initial concentrations before the start of the experiment are given at
t = —0.5min. P1 and P4 measure close to 30gnaci/L. P2 and P3 mea-
sure higher concentrations throughout the entire experiment. This is likely
caused by an outdated calibration. Calibration should be repeated before
an experiment to check if the fitted curve is still correct.

At P1, the rise in concentration starts directly. In the beginning the change
in concentration is greater and then drops of until the final concentration of
40gL~! is reached. The onset of concentration change in P2 and P3 cor-
responds with the visual examination through photographs. However, the
final concentrations that are obtained at these measuring points are unrea-
sonably high. The results for P4 match the expectations from the visual
examination.

Overall it becomes clear, that four measuring points are not enough to fully
evaluate the mixing between the stationary solution and the inflowing so-
lution. More measuring points would be necessary, e.g., to evaluate the
effect of a lower flow rate at the right spacer outlet, which becomes visible
after 4 min (see photographs in[Fig.[6.6). More measuring points would also
increase the reliability since unreasonable results could be excluded from
the evaluation.
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Figure 6.6: Trajectories of the concentrations at the measuring points P1-P4 dur-
ing the convection experiments. The photographs show the inflow of the yellow
colored salt solution with ¢ = 40 gnaci/L.

6.4 Conclusion and Outlook

The concept of Wire Mesh Sensors (WMS) is known for 37 years. The
application of these sensors mostly focuses on two-phase flow with high
differences in resistance between the phases (e.g., water and air). We
applied a WMS grid in a spacer channel to measure differences in salt
concentration. The results documented in this chapter should be seen as
first tests in the design and application of such a sensor. Our sensor en-
ables the measurement of the concentrations of stationary salt solutions
with good reproducibility. However, in more complex applications such as
flowing salt solutions the design is held back by too low resolution. This
could easily be fixed in the future by the addition of more wire pairs. Cur-
rently, two wires are necessary to form one crossing point that is used for
the measurement. With more sophisticated electronics or a multi-electrode
array, measurement at each crossing point of the wires could be enabled,
raising the number of measuring points in a test cell from 2«= to Mae  This

2 2
would greatly improve the local resolution of the sensor. Currently platinum
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wires are used for the wire mesh since the material is conductive, corrosion-
resistant, mechanically stable, and easy to solder. However, platinum wire
is expensive and other materials should be investigated to lower the cost
of the WMS. This would aid the application of these sensors in FCDI and
other electrochemical desalination processes that depend on a change in
local concentration across the desalination module. Reliable concentration
measurements can in the future improve the understanding of salt transport
in these processes and lead to advanced module designs.
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7.1 Reflections on the State of FCDI Research

More than 10 years have passed since the first mention of Flow-electrode
Capacitive Deionization (FCDI) in literature. In these years, the technology
has received growing academic interest. Advantages such as high energy
efficiency, low cost, and continuous operation of a capacitive desalination
process are perceived. However, the field of commercial desalination is
fairly conservative, and technological progress occurs slowly. This is evi-
denced, for example, by the slow but steady increase that allowed Reverse
Osmosis to replace thermal processes as the main desalination technology.
The conservative environment and the competition by well-established pro-
cesses like Electrodialysis (ED) slow the application of FCDI to real-world
separation problems.

The demand for desalination and salt concentration processes can be ex-
pected to increase in the future with the prospects of water scarcity and
stricter environmental regulations that require salt recycling. The applica-
tion of FCDI to these real-world tasks is critically relevant to develop the
technology towards market demand. For every new technology, scale-up
is an important prerequisite for the application to real-world problems. This
is especially true for FCDI, which is typically researched at lab scale with
production rates in a range of milliliters to liters per hour. So far, literature
on FCDI scale-up in real-world applications is scarce. This thesis aims to
provide a roadmap for scale-up and application. In this final chapter, the re-
sults are summarized, conclusions are drawn, and an outlook on the future
of FCDI is given.

The thesis contains four chapters that focus on different aspects of FCDI
scale-up. Chapter [3| deals with the design of a modular plate-and-frame
type FCDI module. The stacking design is inspired by ED; however, due to
the unique nature of capacitive deionization and the use of flow electrodes,
the design deviates from a typical ED module. Two-sided flow channels
for the flow electrode are used as repeating elements in the module stack.
Subsequently, stacked modules with increased membrane area are built

134



7.1. Reflections on the State of FCDI Research

and tested. The comparison to FCDI modules on lab scale shows that
the achieved salt transfer rates do not scale linearly with the increasing
membrane area. The final FCDI module has a 267 x higher membrane area
than modules at lab scale; however, the salt transport rate is only increased
by a factor of 127. This has a significant impact on the cost effectiveness of
the module. The diminished specific salt transport rate in pilot-scale FCDI
modules needs to be considered in future scale-up of applications from lab
scale.

An important disadvantage of FCDI compared to ED is lower ion transport
per membrane area in stacked plate-and-frame modules. This is shown
in Chapter [3| through a thought experiment. The consequences of this
thought experiment are serious: with the state-of-the-art plate-and-frame
module design, FCDI will always require more total membrane area than
ED. Because the cost of the ion-exchange membranes has a significant
share in the total cost of a module, FCDI modules will always be more ex-
pensive than ED modules. However, a possible economic advantage of
FCDI lies in the lower energy demand for desalination. To compare the two
processes with each other, rigorous application and testing on pilot scale is
necessary.

The systematic approach to pilot-scale testing of FCDI is described in
Chapter[d]. The chapter focuses on the application of FCDI to the desalina-
tion and recycling of wastewater from a stainless steel treatment plant. The
chapter starts with a series of lab-scale experiments that were conducted
early in the project to evaluate the applicability of FCDI to the separation
task. The goal was to establish a methodology that could also be applied
to other novel separation tasks in the future. Based on the results from this
chapter, the required membrane area for FCDI modules on pilot scale was
calculated. Since these calculations were done before pilot-scale modules
could be built and tested (scope of Chapter [3), these calculations did not
reflect the losses that occur during scale-up. Together with the complicated
production process of the modules, this led to an inadequately low treat-
ment capacity of the FCDI modules during the piloting phase of the project.
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The results of a 30d trial under real-world conditions are detailed in the
chapter. The applied membrane area was too low to sufficiently treat the
feed solutions; the unsuitability became especially apparent on the diluate
side of the process where a higher concentration difference needed to be
overcome. Since ED was also tested for the same application in the project,
a direct comparison of the two technologies became possible. The produc-
tivity of an ED stack with 30 % greater membrane area (ED: Aer = 4.14 m?,
FCDI A.em = 3.20 m?) was roughly a factor of 20 higher. Due to the significant
difference in productivity and the difference in the outlet concentrations ob-
tained, a comparison of the energy demand is not constructive. However,
it is impossible for the energy advantage of FCDI to offset the severe eco-
nomic disadvantage of requiring about 15x more membrane area to reach
the same productivity as ED.

The overall prospects for FCDI at the end of this project are bleak. In the
first pilot-scale application of the process, FCDI was unable to demonstrate
its effectiveness in comparison to an established technology. However,
FCDI is still a young technology and significant advances might be made
in the future. Research on different flow electrodes carried out by research
groups around the world is especially promising for the future of FCDI. The
introduction of intercalation materials and redox couples to the flow elec-
trodes yields a process that is no longer based purely on capacitive ion
storage but has improved salt removal rates at a still relatively low energy
demand. As discussed in Chapter[3|a two-module approach could be taken
to reduce the impact of undesired water transport between diluate and con-
centrate in FCDI. However, the main disadvantage in the comparison to ED
is the insufficient utilization of the membrane area described in the thought
experiment in Chapter [3] This is a fundamental problem of stacked plate-
and-frame FCDI modules that can only be overcome with novel reactor
concepts. From today’s perspective, modules with increased membrane
cross-section, tubular membrane modules or swiss-roll-type modules ap-
pear to be the most promising. These modules would increase the mem-
brane area of FCDI without stacking. However, these concepts would need
to be tested rigorously both in terms of desalination performance and eco-
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nomic viability.

Pilot-scale testing also exposed specific advantages of the FCDI technol-
ogy over ED. Because hydrogen gas production is omitted, the safety regu-
lations for FCDI are lower. This renders operation of FCDI easier than ED.
In the pilot-scale application that is the focus of Chapter [}, this advantage
was not relevant since the trials were conducted in a facility that was already
fulfilling the necessary safety regulations. However, this advantage might
become more important in other applications of FCDI. Overall, the early
pilot-scale application of FCDI technology led to a better understanding of
the process, its chances, and potential pitfalls. Pilot-scale tests should form
a major part of FCDI research in the future.

Chapters [5]and [g] of this thesis aim to make progress in some fields where
incremental improvements might facilitate the application of FCDI in the fu-
ture. Chapter [5] poses the question of how the cost-effectiveness of FCDI
could be improved with new materials. Current collectors are often over-
looked in the research on FCDI; however, they become increasingly im-
portant in scale-up concepts such as the one presented in Chapter 3| By
using thin bipolar plates made of expanded graphite, the workflow of man-
ufacturing can be simplified, and the cost is lowered. Through the direct
combination of the current collector, the flow channel for the flow electrode,
and the membrane in one single part, the modules become easier to build.
The newly developed bipolar plate current collectors are compared to es-
tablished graphite plates and membrane-electrode assemblies in lab-scale
experiments and yield superior salt removal rates. The reason for the in-
creased salt removal is found in the better contact of the flow-electrode
particles at the surface of the bipolar plates. This has implications for the
design of current collector and flow electrode systems in the future and
could be used as a starting point to develop a system where the current
collector and flow electrode are optimized together to enhance the capabil-
ities of FCDI.

Chapter [f] is the first approach to answer a more fundamental question
about phenomena that occur in FCDI and other electro-membrane pro-
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cesses. The interplay of ion transport and water transport during the oper-
ation of the processes makes the prediction of local salt concentrations in
the modules challenging. This is especially problematic for processes that
are operated in continuous single-pass operation, with high concentration
differences between module inlet and module outlet. A better knowledge of
local salt concentrations could help to improve and tailor FCDI modules in
future. Thus, the application of wire mesh sensors to membrane spacers,
as they are used in FCDI or ED, is investigated in Chapter [6] The results
have to be seen as a test case, but they are promising. With improvements
in the existing sensor design, it will be possible to measure local salt con-
centrations during FCDI operation in the future. This will help to improve
the modules, especially for single-pass operation, which might pose an-
other advantage of FCDI over ED. However, these sensors could also be
applied to a variety of other processes where local changes in salt concen-
tration are involved. Thus, these sensors could potentially reach beyond
the topic of FCDI.

7.2 Outlook

Although the superiority of FCDI could not be shown in this thesis, there
are reasons to remain hopeful for the future of this desalination technology.
Research continues to show again and again that incremental changes
lead to significant improvements in the process. The interaction of flow-
electrode particles in charge transport is still insufficiently understood. Fu-
ture research should try to elucidate these phenomena so that a targeted
approach can be taken to the tailoring of flow electrode systems. Further-
more, there is a need for a set of standard experiments to compare the
ever-growing number of reported flow electrodes and FCDI modules with
each other and to enable goal-oriented development. Scale-up should be
an important goal for every researcher working in this field. If the capabil-
ities of the FCDI process are not explored in real-world applications, the
process is unlikely to remain relevant 10 years from now. Different appli-
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cations in industry lend themselves to the application of desalination. lon
recovery is now becoming increasingly relevant due to the increasing prices
of raw materials, stricter environmental regulations, and new applications
such as the recycling of Li-lon batteries. If more research is conducted
on pilot scale, this might lead to a certain application where FCDI has a
unique advantage over established technologies. Then the development
of the technology could be aimed towards this niche. However, real-world
application of FCDI is only possible with pilot-scale or industrial-scale mod-
ules. Thus, new concepts for FCDI scale-up like tubular modules, swiss-roll
modules, or completely new approaches to module design need to be in-
vestigated.

Even if the time has not yet come for FCDI to enter the market as a suc-
cessful technology, there might come a second chance in the future. Its
predecessor, Capacitive Deionization (CDI), was intensively researched in
the 1960s only to be almost completely abandoned for 40 years. Then, new
developments like the availability of durable and comparatively low-price
ion-exchange membranes allowed the technology to enter the desalination
market. There is no reason to suspect that a similar development could not
occur for FCDI. The demand for an energy-efficient tool to produce drinking
water and close material cycles through salt recycling will only increase in
the future and poses a great challenge to human ingenuity.
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8 Appendix

Correlation Density - Concentration

The correlation between the density of the solution and the sodium chloride
(NaCl) concentration allows quick and robust measurement of the sam-
ple concentrations. Densities are measured with a handheld densitometer
(Densito 30PX, Mettler-Toledo International Inc.). All sample densities are
measured three times; the average value is used to calculate the NaCl
concentration according to the calibration curve shown in[Fig.[8.1]
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Figure 8.1: Calibration curve used to correlate the sample density with the sodium
chloride concentration.
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Circuit Diagram Relay Box

The experiment documented in Chapter [6] are enabled by a circuit that al-
lows switching between several measruing points in a fast sequence. This
circuit is based around an Arduino Mega microcontroller (Arduino S.r.l.).
The circuit can be used with relays as displayed in the circuit diagram in
[Fig. [8.2] or with optocouplers. The circuit is connected directly to the poten-
tiostat. The software which controls the potentiostat (Gamry Framework,
Gamry Instruments Inc.) is used to also control the Arduino to enable the
switching from one measuring point to the next.
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Figure 8.2: Circuit diagram of the relay box used for switching between individual
measuring points.

Photograph Series from Diffusion Experiment

During the diffusion experiment detailed in Chapter [6] photographs are
taken to investigate the mixing between the solution with 25 gn.c /L and the
yellow colored solution with 40 gnaci/L. Some of these phtographs are given
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in[Fig. [8.3l The postions of the measuring points P1-P4 are marked.

Figure 8.3: Photographs taken during the diffusion experiment show the diffusion
between the colored solution and the solution initially placed into the test cell.
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