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Abstract

Clean power generation and global water scarcity are two intertwined
challenges that have become increasingly critical in our modern world. With
the growth of population, the expansion of industrialization, and the disruption
of traditional weather patterns, demand for energy and freshwater has surged.
As a result, the world has turned its attention to innovative sustainable energy
sources, offering a reliable and eco-friendly solution to our growing energy
needs while protecting the environment from negative impacts associated with
conventional energy generation methods.

The electrochemical cell explored in this study holds significant promise in
three separate domains, with each domain playing a crucial role in tackling
demanding global challenges. This cell demonstrates applicability in
desalination, separation processes, and power generation.

The cell relies on the use of regenerable porous silver electrodes, which
have the ability to selectively attract chloride ions through an electrochemical
reaction involving silver and chloride. Symmetric silver/ silver chloride porous
electrodes are employed to alternatively capture Cl™ ions. The silver anode is
oxidized and reacts with CI™ ions from the solution to form insoluble AgClI.
Simultaneously, the silver cathode releases C1™ ions. The distinctive feature
here is the new geometry, allowing the inlet flow to extend outward through the
porous electrodes. This feature minimizes the energy consumption of the
process by alleviating concentration polarization through advection.
Concentration polarization is one of the main contributors to energy loss in
electrochemical processes.

Chapter one thoroughly explores strategies and technologies targeted at
addressing environmental challenges, with a primary focus on desalination,
separation, and power generation. The chapter emphasizes electrochemical
methods as sustainable and efficient solutions for overcoming the
environmental challenges Additionally, it introduces the electrochemical cell
utilized in this study and outlines its role in addressing these environmental
challenges.
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In chapter two, our focus is entirely on the field of desalination. Desalination
plays a pivotal role in addressing water scarcity, especially in regions with limited
or contaminated freshwater sources. We delve into the growing application of
electrochemical desalination methods. Our exploration of this system's behavior
encompasses the use of steady-state analytical models, transient numerical models,
and practical experimentation. Our analysis of desalination performance involves
an assessment of the degree of separation attained, the system's throughput
capacity, its charge efficiency, and its energy consumption [1].

In the third chapter, the system is harnessed for specific ion separation,
capitalizing on the chemical selectivity of its electrodes. These capabilities for
selective separation also prove to be a valuable asset for tackling urgent
environmental issues in industries like food processing, leather production, and
petroleum refineries. This chapter reports results of experiments to separate
chloride ions from other anions present in solutions representative of industrial and
agricultural wastewater.

Chapter 4 introduces a shift in the electrochemical cell's role, transitioning from
desalination to power generation. This transformation is based on the cell's
capability to harness energy arising from the difference in salt concentration
between saltwater and freshwater, thereby introducing a renewable energy source.
The analysis of power generation performance in this chapter relies on the use of
steady-state analytical models. It involves a comprehensive exploration of the cell's
behavior across a range of parameters. This examination encompasses the impact
of different velocities, variations in inlet concentration differences, adjustments in
electrode spacing, and diverse current levels.

We believe that there is a need for further research to optimize the utilization of
the electrochemical cell across various applications, as will be discussed in chapter
5.

Collectively, our study emphasizes the potential of this electrochemical cell to
serve as a bridge connecting the domains of desalination, selective separation, and
power generation to address global challenges with issues such as water scarcity,
the demand for sustainable energy sources, and environmental conservation.
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Chapter 1

1. Introduction

Electrochemical approaches have emerged as potent tools in the fight
against environmental concerns, particularly in the domains of desalination,
wastewater treatment, and power generation. These innovative techniques
leverage the principles of electrochemistry to provide sustainable and efficient
solutions for some of the most pressing environmental challenges.

The heart of this study is dedicated to introducing an innovative geometry
for an electrochemical cell. This novel approach seeks to provide
comprehensive solutions to the most challenging environmental problems,
desalination, wastewater treatment, and power generation. In this chapter, [ will
review the evolution of the technologies that have been developed to tackle the
immediate concerns in the domains of desalination, wastewater treatment, and
power generation.

1.1Need for Desalination

Freshwater scarcity is now a major global concern, driven by a combination
of factors that are closely linked. The ever-expanding global population, the
impact of human activities on the environment, including industrial processes
and agriculture, and the consequences of climate change causing more frequent
and severe droughts, and altering natural water cycles leads to major challenges
for water resource management and sustainability. [2,3].

These factors collectively contribute to the rising need for freshwater. In
response, there is an ongoing evolution of water treatment methods, all geared
towards achieving two primary goals: improving the quality and increasing the
quantity of available water resources. This led to the development of more
effective and sustainable water treatment techniques to address the growing
challenge of water scarcity and to ensure that communities worldwide have
access to safe and clean drinking water.



1.1.1 Desalination

Desalination processes are methods used to reduce or completely remove salt
from a solvent, typically water. In an ideal desalination technology, the process
results in two distinct fractions: pure salt and pure water. In practice, complete
separation of salt and water is often unnecessary, and desalinated water may require
remineralization or treatment to make it potable. The selection of desalination
technology is primarily determined by the cost rather than energy requirements
(measured in kWh/m?). An ideal technology meets process requirements at the
lowest cost and with the least energy demand [2,3].

Desalination technologies involve splitting a water stream with a specific salt
concentration into a concentrate or brine stream and a dilute or desalinated stream.
The existence of a brine stream leads to water loss, which is undesirable. Achieving
higher water recovery results in increased energy consumption and desalination
costs [4,5]. Brine streams also present significant environmental challenges and can
threaten marine ecosystems [3,6—8]. There are efforts to develop zero-liquid
discharge (ZLD) technologies to treat brine streams [9—-11]. ZLD technologies can
also be used in combination with mineral and metal extraction from desalination
concentrates [9,12—15].

Sustainability plays a critical role in desalination processes. Seawater
desalination is energy-intensive, and this leads to integrating desalination with
renewable energy sources [16-21] or desalination and energy production [21,22].
The future of desalination depends on using less energy and cleaner energy sources.
This change is vital to move away from using polluting fossil fuels for freshwater
and adopt ecofriendly methods.

1.1.2 Desalination Technologies

Desalination systems come in various types, classified based on their energy
sources, such as thermal, mechanical, electrical, and chemical sources [23]. They
can also be grouped according to the desalination process they use, including
evaporation-condensation, filtration, and crystallization techniques. Some
promising desalination technologies are still in the developmental phase, like solar
chimney, greenhouse, natural vacuum, adsorption desalination, membrane



distillation (MD), membrane bioreactor (MBR), forward osmosis (FO), and ion
exchange resin (IXR). However, the most widely implemented desalination
technologies worldwide are reverse osmosis (RO), followed by multi-stage
flashing (MSF) and multi-effects distillation (MED) systems [23,24]

Thermal desalination and membrane desalination are the two primary
categories of desalination methods. Thermal desalination relies on heat as a
driving force and has been historically prevalent in areas with low energy costs.
Membrane desalination, which uses pressure as the driving force and is gaining
favor due to its energy efficiency. RO is a particularly popular choice among
membrane technologies because of its low energy consumption, high water
recovery rates, and the production of high-quality freshwater. However,
membrane fouling remains a challenge, which can be reduced through
pretreatment or hydrophilic membranes.

Desalination methods vary across the globe based on regional preferences
and resource availability. Western countries use energy-efficient RO systems.
Meanwhile, in the Middle East, where there's an abundance of oil, MSF and
MED systems are more commonly used. Ras Al-Khair is the largest
desalination plant in Saudi Arabia, which began operations in 2014. This plant
adopts both MSF and RO technologies, producing a significant 728,000 cubic
meters of desalinated water daily. On the other hand, the second-largest
desalination facility, Carlsbad in California, USA, employs RO technology and
has been operational since December 2015, producing approximately 190,000
cubic meters of desalinated water per day [24,25].

Electrochemical desalination also offers an alternative way to extract salt
ions from water using an electric potential. Two common methods in this
category are electrodialysis (ED) and capacitive deionization (CDI), relying on
creating an electric potential difference to purify water. In the following
sections, a brief overview of various electrochemical desalination techniques
will be discussed to provide insights on the diverse approaches utilized for
water purification.



1.1.2.1 Electrodialysis and Electrodialysis Reversal

Electrodialysis and Electrodialysis Reversal (EDR) are innovative
techniques for removing salt ions from water using electric potential as the driving
force. In an electrodialysis system, two types of ion-exchange membranes, known
as cation exchange membranes (CEM) and anion exchange membranes (AEM), are
placed between electrodes. These membranes are arranged alternately within an
electrodialysis stack, creating multiple electrodialysis cells. There is migration of
positively charged cations such as Na*, Ca?’, and Mg?" toward the cathode and
negatively charged anions such as C1~, and SO4?" toward the anode. The selectivity
and semipermeability of these membranes allow only one type of charge (either
cations or anions) to pass through each membrane. This results in the concentration
of salts in some areas and the generation of freshwater in others. Figure 1-1 displays
an illustration of electrodialysis.

EDR also works on the same principles, with one key difference: the polarity
of the electrodes is periodically reversed. This reverses the migration direction of
the ions, which is a unique feature for reducing scaling and fouling. This reduction
in membrane fouling significantly extends the lifespan of the membranes used in
the process.

Both ED and EDR systems can achieve high water recovery. This means they
can efficiently reduce the volume of concentrated brine produced, especially when
compared to technologies like RO. However, it's essential to consider that the
energy cost for treatment tends to increase as the total dissolved solids in the
feedwater rise, making it a factor to be mindful of in desalination operations [4,26—
31].
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Figure 1-1 Principle of electrodialysis
1.1.2.2 Capacitive Deionization and Desalination Batteries

Capacitive Deionization is an innovative desalination method that relies on
electrical forces to remove salt from water. In this process, an electric field is
applied across two porous electrodes positioned near a flow channel, driving
the migration of ions from the feedwater towards these electrodes. These ions
are temporarily absorbed within an electrical double layer (EDL) forming on
the porous electrode surfaces [32-35]. Typically, a negatively charged
electrode (cathode) attracts cations, while a positively charged electrode
(anode) attracts anions. To enhance the selectivity of this process, an lon-
Exchange Membrane (IEM) can be applied, leading to what's known as
Membrane Capacitive Deionization (MCDI).

As water flows along these electrodes, ions are removed, resulting in the
production of a diluted stream. However, after a certain period of applying an
electric current to the electrodes, the electrodes reach their ion adsorption



capacity. This is when the ion release step occurs: the current is turned off, and ions
return to the solution between the electrodes, forming a concentrated stream. This
intermittent cycle of ion removal and release creates both diluted and concentrated
streams. A portion of the applied current can be reclaimed in the discharge step,
adding to the efficiency of the process.

CDI is particularly well-suited for water with low to moderate salt
concentrations. As the ion concentration in the solution increases, the required
voltage for CDI also rises. It's worth noting that CDI consumes 30-50% more
energy for seawater desalination compared to RO, a more traditional desalination
method [36]. Scaling, which can affect water quality and energy consumption, is
another challenge associated with CDI [37]. However, CDI offers the advantage of
operating at room temperature and pressure at low voltages. One limitation is that
the salt adsorption capacity of the electrode is constrained by its surface area, a
constraint that can be alleviated by using electrodes with electrochemical reactions
[38—42]. Figure 1-2 depicts the schematic design of a cell for CDI.
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Figure 1-2 Schematic design of a cell for capacitive deionization

1.1.2.3 Ion Shuttling

Smith and his research team have introduced a unique desalination method that
utilizes symmetric electrochemical desalination electrodes, drawing inspiration
from electrodialysis. These electrodes are equipped with redox-active intercalation
host compounds (IHCs) capable of absorbing cations within the host lattice through
a reduction reaction of species found within the IHC. This innovative approach is
known as cation intercalation desalination (CID), wherein desalination occurs on



one electrode, and the other electrode concentrates the salt. Specifically, the
positive electrode, enriched with Na' ions, releases Na" ions into the electrolyte
through an oxidation reaction, while the negative electrode absorbs Na* ions
from the electrolyte via a reduction reaction. This process establishes a salt
concentration gradient, resulting in two distinct streams with varying salt
concentrations [43—45].

Smith and his team pioneered the use of an electrochemical cell with
symmetric electrodes containing Na-ion intercalants for desalination, known as
NID. Their belief is that a cell featuring Na in both electrodes offers better
volumetric desalination capacity compared to CDI. The key distinction lies in
the fact that, in CDI, charges are only stored in the double layer, whereas NID
allows charges to be stored inside electroactive particles as well.

Figure 1-3 illustrates the ion shuttling with symmetric electrodes
desalination process during charging. In the figure, we can see that sodium ions
on the left side (cathode) move from the electroactive material into the
electrolyte, while sodium ions on the right side (anode) move into the
electroactive material. The difference in sodium ion concentration in the
solution between the two electrodes drives chloride ion migration from the
anode to the cathode. This results in a concentration increase of both sodium
and chloride ions in the cathode solution, while the anode solution becomes
more diluted in both ions.

Smith's approach also incorporates a membrane to separate concentrated
and dilute streams, bearing similarities to electrodialysis as it relies on a
selective membrane, specifically anion exchange in this instance. This novel
desalination technique opens up promising possibilities for efficient and
sustainable salt removal from water sources.
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Figure 1-3 Schematic of the ion shuttling desalination with symmetric electrodes during a
charging cycle

1.2Need for Separation

The issue of dealing with large amounts of wastewater containing salt and
organic substances is a big environmental challenge. If not handled properly, this
wastewater can harm various aspects of the environment, especially soil, surface
water, and groundwater. It can contaminate soil, disrupt water ecosystems, and
make surface and groundwater unsafe. This can lead to problems like soil becoming
too salty for farming and water pollution that threatens aquatic life and the
availability of clean drinking water.

To address these environmental concerns, strict rules have been put in place by
organizations and governments. These rules are aimed at reducing the negative
effects of salty wastewater discharge. Recently, these rules have gained more
attention as people become more aware of the need to protect the environment and
natural resources. The main goal of these rules is to encourage responsible
management and treatment of salty wastewater to reduce harm to soil, surface
water, and groundwater.



Several major industries, such as food processing, leather production, and
petroleum manufacturing, produce a lot of salty wastewater. These industries
are now required to follow these stricter rules and invest in better treatment
processes to limit the environmental impact of their activities. By making these
changes, they not only meet legal requirements but also show their dedication
to taking care of the environment and conserving resources.

1.2.1 Separation

The contamination of subsurface soils and groundwaters with heavy metals
can result from human activities, including the discharge of industrial waste,
the use of fertilizers and pesticides, mining, metal plating, and vehicle
emissions.

To address the challenge of heavy metal contamination, a range of
specialized processes have been developed for both removing heavy metals
from waste discharges and remediating contaminated soils and groundwaters.
Among these techniques, numerous physical and chemical methods have been
thoroughly studied and implemented. Some key approaches include chemical
precipitation, coagulation and flocculation, ion exchange, solvent extraction,
cementation, complexation, electrochemical operations, evaporation, and
filtration [46]. These diverse methods are crucial in effectively separating and
removing heavy metals from the environment, ensuring the protection of
ecosystems and human health.

1.2.2 Separation Approaches

Some industries handle the treatment of dilute liquid mixtures, while others
face the challenge of dealing with highly concentrated wastewater loaded with
toxic elements and heavy metals. There are industries still relying on traditional
techniques such as distillation, crystallization, and drying, primarily because
they have a long history of using these methods and are comfortable with them.
However, there is a growing demand for more effective approaches to handle
wastewater. The choice of separation methods is crucial both economically and
environmentally, and it depends on several factors like improved selectivity,
improved energy efficiency, development of new process configuration and



integration, economic viability, environmental safety and compatibility, and
sustainability (recycle and reuse) [46,47].

Engineers and scientists have been actively exploring and enhancing various
methods to improve the efficiency and reduce the costs associated with traditional
separation techniques. These separation processes can be categorized based on the
phases involved [47].

i.  Solid-solid separation: This includes methods like screening, classification,
flotation, flocculation, and field-based techniques for separating solid particles
from one another.

ii.  Solid-liquid separation: Involves processes such as thickening,
centrifugation, filtration, drying, and crystallization, which are used to separate
solid particles from liquid.

iii.  Solid-gas separation: This category covers techniques like cyclones, filters,
and adsorption for separating solid particles from gases.

iv.  Liquid-liquid separation: Includes methods such as distillation, extraction,
membrane processes, and adsorption for separating different liquids from one
another.

v.  Liquid-gas separation: Encompasses processes like absorption, stripping,
and pervaporation, used for separating gases from liquids.

vi.  Gas-gas separation: Involves the use of membranes to separate different
gases from one another.

vii.  Solid-liquid-gas separation: This category addresses complex processes that
involve the separation of solids, liquids, and gases simultaneously.

This study will explore various separation methods relevant to common ions.
These methods include ion exchange, membrane filtration, chemical precipitation,
and electrodialysis, which have been reported as effective approaches for treating
wastewaters.
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1.2.2.1 Membrane Filtration

Pressure-driven membrane processes like microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis play a significant
role in water treatment. These processes rely on the differences in pressure
across a membrane to separate dissolved and undissolved substances in
wastewater. The choice of the specific membrane process depends on the size
of particles and molecules that need to be retained, with each category offering
a distinct level of filtration. Membrane filtration includes four main
subcategories.

Microfiltration membranes are used to remove impurities, including
particles, viruses, and bacteria, in the size range of 0.1-10 mm from a solvent
or other low molecular weight components. This separation process relies on a
sieving effect, with particles separated based on their dimensions, allowing for
some charge or adsorptive separation. MF operates at relatively low pressures
(<2 bars) [48,49].

Ultrafiltration is a separation process well-suited for particles in the size
range of 0.01-0.1 um, including microorganisms, proteins, colloids, turbidity,
fungi, and more. Unlike RO membranes, UF membranes do not produce a
significant osmotic pressure because their porous structure, with pore sizes
between 1 and 100 nm, permits the permeation of small solutes (with molecular
weights less than 300) through the membranes. UF membranes function as
barriers that effectively separate macromolecules, colloids, and solutes with
molecular weights exceeding 10,000 from smaller, lower molecular weight
species. The driving force for UF relies on hydrostatic pressure differences,
typically in the range of 1-10 bars. The selectivity of UF membranes is based
on variations in the size and surface charge of the components to be separated,
the properties of the membrane itself, and the hydrodynamic conditions within
the system [49,50].

Nanofiltration membranes consist of multiple-layer thin-film polymer
composites with negatively charged chemical groups. They are used to retain
molecular solids like sugar and certain multivalent salts such as magnesium
sulfate while allowing the passage of most monovalent salts like sodium
chloride. NF operates at pressures of about 14 bars or 200 psig.
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These membranes effectively reject substances with sizes in the range of
0.0005-0.007 mm, including color, viruses, hardness, calcium ions, magnesium
ions, iron ions, permanganate ions, phosphate ions, and sulfate ions. NF
membranes, with pore sizes ranging from 1-10 nm, work by excluding particles
based on size and utilizing charge interactions between the membrane's surface and
the ions in the solution. They are useful for treating drinking water as they can
efficiently remove divalent cations such as calcium and magnesium, effectively
reducing water hardness without the need for traditional chemical softening
methods. Additionally, NF membranes can reject larger organic molecules that
contribute to taste, odor, and the formation of disinfection byproducts when
exposed to chlorine, enhancing downstream disinfection processes [49,51-53]

Reverse osmosis processes have membranes with tiny pores (0.1-1 nm) and
operate at high pressures (20-50 bars) [49,54-56]. These RO membranes are able
to reject organics and monovalent ions like sodium, potassium, and chloride. RO
works based on semi-permeable membranes, allowing a substantial flow of water
while blocking colloids, ions, and charged particles (high water permeability and
low solute permeability). High-quality RO membranes can achieve an impressive
99.7% rejection of sodium chloride (NaCl) [57]. To make water pass through these
membranes, pressure exceeding the osmotic pressure is applied. In seawater
desalination, pressures generally range from 55 to 68 bar [3], and spiral wound
membrane configurations [58] are commonly used. Modern seawater RO systems
often incorporate energy recovery mechanisms, which significantly reduce energy
consumption to less than 2 kWh/m? of freshwater [3,58]. RO is predominantly
employed in seawater desalination, but it is also applied in brackish water
desalination and water purification [3,59]. The focus of membrane development in
this field is primarily on enhancing water permeability. Various membrane types,
including nanostructured ceramics, mixed matrix membranes, block copolymer
membranes, and thin film nanocomposite membranes, are in development to make
desalination more efficient and cost-effective [60]. Figure 1-4 illustrates the
schematic principles of reverse osmosis.
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Figure 1-4 Schematic diagram illustrating the principles of reverse osmosis

1.2.2.2 Ion Exchange

Ion exchange (IX) is a powerful method that involves swapping ions
between a solution and an ion exchanger. These exchangers come in two types:
cation exchangers, which handle positively charged ions, and anion exchangers,
designed for negatively charged ions. IX is used to purify, separate, and
decontaminate solutions containing ions, making it an invaluable tool in water
treatment. lon exchangers can be in various forms, such as ion exchange resins,
zeolites, clay, or soil humus.

In IX systems, water flows through the ion exchanger until it becomes
saturated, resulting in an excess of the ions that need removal in the outgoing
water. To regenerate the resin, backwashing removes accumulated solids, and
flushed-out ions are replaced with a concentrated resin solution. However, the
need for backwash can limit the application of IX in wastewater treatment.
Fouling and contamination are other limitations.

Despite these limitations, IX offers cost-effective water treatment with low
energy requirements and economical resin regeneration. Well-maintained
resins can last for many years before needing replacement.
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IX is widely used in various applications, including softening water,
demineralization, and in the sugar and chemical industries, as well as in beverages
and pharmaceutical manufacturing. Its advantages make it a popular choice in these
fields [46,54,61].

1.2.2.3 Chemical Precipitation

Chemical precipitation is a method that converts soluble compounds into
insoluble forms by introducing specific chemicals, creating a supersaturated
environment where the solubility limit is exceeded. This transformation occurs
through a series of stages, including nucleation, crystal growth, and flocculation
[46].

The primary goal of chemical precipitation is to reduce the solubility of
contaminants in various environmental applications. This technique is effective for
addressing soluble ionic species, especially heavy metals. It is commonly used in
the treatment of industrial wastewater and contaminated groundwater [46,62].

Chemical precipitation is most suitable for industrial wastewater and
groundwater remediation, often employed with a pump-and-treat approach.
Additionally, it can serve as a pre-treatment method for removing heavy metals
from solutions before the biodegradation of hazardous organic compounds.
Chemical precipitation offers a promising approach for the removal of soluble ionic
species from aqueous solutions in various environmental and industrial contexts
[46,62].

1.2.2.4 Electrodialysis

Electrodialysis is an electrochemical membrane separation technique that
harnesses the power of an electric field as a driving force for its operation. This
innovative process involves the selective movement of ions through specialized
ion-exchange membranes, leading to the depletion of ions in the dilute effluent
while concurrently enriching ions in the concentrated effluent [46,63,64].

As discussed in section 1.1.2.1, electrodialysis offers a remarkable capability to
selectively separate ions based on their charge and characteristics. This means that
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electrodialysis can be tailored to focus on specific ion types and achieve the
desired separation outcomes [46,63—65].

The significance of electrodialysis lies in its versatility and precision in
controlling ion movement. This factor led to the use of electrodialysis in various
fields, including water treatment, desalination, and the separation of complex
ionic mixtures. Electrodialysis offers an environmentally friendly and energy-
efficient way to achieve ion separation, making it a valuable solution to address
complex ion-related challenges [46,63—65].

1.3Need for Power Generation

The demand for renewable energy is essential to combat pollution, reduce
carbon emissions, and decrease our reliance on fossil fuels [66—68].
Technologies such as solar, wind, and geothermal power have gained
significant attention in recent years as sources of clean energy. Additionally,
there is growing interest in "salinity energy," which harnesses the salinity
difference between seawater and freshwater as a substantial renewable energy
source [69,70]. When a river meets the sea, irreversible mixing increases system
entropy, which can be used to convert thermal energy into electricity [71]. It's
estimated that every cubic meter of river water flowing into the sea dissipates
about 2.3 MJ of free energy during the process, and a portion of this energy can
be harnessed [71,72]. Worldwide, the potential for energy extraction from this
"salinity potential" resource, when considering all river effluents combined, is
estimated at roughly 2.4-2.6 TW. This amount is approaching the global
electricity consumption in 2014, as noted in Jia et al.'s review paper on the topic
[72-74].

1.3.1 Salinity Energy

Since the 1950s, scientists have investigated the potential of harnessing the
salinity difference between freshwater and saltwater. By placing a suitable
device between the flow of these waters, it becomes possible to capture the free
energy stored in this salinity difference, creating what is now known as "blue
energy" [73].
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The Gibbs free energy, AGmix, resulting from the mixing of two solutions with
different concentrations, is an underestimated energy source that holds the potential
for valuable work production [75-77]. This energy, often referred to as salinity
gradient energy, osmotic power, or blue energy [78—82], can be harnessed from
various sources. It can be naturally occurring, such as when fresh river water mixes
with salty seawater in the hydrological cycle [75—77], or it can be generated from
human activities, for instance, by combining desalination brine with low-salinity
effluent from wastewater treatment [83—86].

1.3.2 Salinity Energy Approaches

Salinity gradient power generation technologies [81,84] encompass pressure
retarded osmosis (PRO) [87-89], reverse electrodialysis (RED) [73,81,90],
capacitive mixing (CapMix) and also battery mixing (BattMix) [74,91-93].

Moreover, alternative methods such as nano-fluidic diffusion techniques [94]
and devices that leverage variations in vapor pressure [95] have been investigated
to expand the options for harnessing blue energy.

1.3.2.1 Pressure Retarded Osmosis

Pressure-retarded osmosis harnesses the energy derived from the salinity
gradient between river water and seawater, creating an osmotic pressure difference
equivalent to a 231-meter dam or 23 atm under ordinary conditions [66,96—99].
This energy can be converted into mechanical energy or electricity. The PRO
process utilizes semi-permeable membranes to facilitate the movement of water
from a low-concentration solution (such as river or wastewater) to a high-
concentration draw solution (seawater or brine water). This flow of water increases
the static energy of the high-concentration side, which can be used to drive a
turbine. The maximum energy that can be extracted during this mixing process is
significant, ranging from 0.75 kWh to 14.1 kWh per cubic meter, depending on the
low-concentration stream [96—103]

In a PRO plant, freshwater and seawater are sent through special modules with
semi-permeable membranes. These membranes allow freshwater to move into
pressurized seawater. The mixed solution is divided into two streams: one goes
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through a hydropower turbine to make electricity, while the other stream passes
through a pressure exchanger in order to pressurize incoming seawater. The plant
has a high-pressure side for saltwater and a low-pressure side for freshwater.
The pressure exchanger and membrane are crucial components, and when
efficient versions are used, a PRO plant can generate about 1 MW from each
cubic meter per second of freshwater passing through the membranes [101—
104].

The effectiveness of PRO is restricted by its membrane properties.
Membranes aren't perfectly impermeable to solutes, resulting in energy loss due
to salt moving to freshwater. Another challenge is finding a membrane that
allows sufficient flow, which has slowed PRO development for years. The
challenge lies in fragile membranes; salt permeation decreases energy
efficiency, and membrane contamination harms performance. Developing
fouling-resistant and solutes-impermeable membranes with tailored properties
and improved hydrodynamic mixing is essential. Graphene, an ultra-thin, strong
membrane, shows promise. It could separate salt from water effectively, with
high water transport rates and rejection of salt ions. If used in osmotic power
plants, it could greatly improve energy output and efficiency [73].

1.3.2.2 Reverse electrodialysis

Reverse electrodialysis is a sustainable technology that directly converts
energy from mixing two aqueous solutions into electrical power. It operates by
passing seawater and freshwater through stacks of membranes that generate an
electrochemical potential due to differences in solution concentration. This
potential creates an electrical current, which is carried by an electrochemical
redox couple to an external circuit [42,77,105,106]. Recent advancements have
focused on improving membrane materials, spacing, and architecture to
enhance RED power density and energy efficiency. However, challenges
remain, including addressing electrode over-potentials and pumping losses, and
reducing the cost of ion-exchange membranes for practical RED application
[107-110].
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1.3.2.3 Capacitive Mixing

Capacitive Mixing, introduced in 2009, and operates differently from PRO
and RED [93]. Instead of relying on membranes, CapMix employs porous electrode
pairs immersed in an electrolyte, acting like an electrical double layer capacitor
[71,93]. In a simplified four-phase process, external electric potential charges the
electrodes in phase I, causing ions in the electrolyte to accumulate near the
electrode surface to maintain electro-neutrality. This charging process consumes
energy. Then, in phase II, the high concentration solution is replaced with low
concentration solution, reducing the capacitance of the electrical double layer due
to changes in ionic strength. In phase III, controlled mixing takes place as ions
diffuse into the low concentration solution, releasing stored charges and producing
useful work. The energy output in phase III exceeds the energy consumed in phase
I because discharge occurs at a higher potential difference. The low concentration
solution is then replaced with high concentration solution in phase IV to complete
the cycle. By repeating this process until concentration equilibrium is reached,
CapMix makes efficient use of the salinity gradient to produce energy [86].

CapMix's controlled mixing is accomplished by the adsorption of ions to porous
electrodes in the high salinity solution and their desorption in the low salinity
environment. In an alternative CapMix setup, ion-exchange membranes can be used
between the porous electrodes and the electrolyte [74,111,112]. These membranes
allow selective ion passage, driving a current in the circuit and producing useful
work. Switching to low concentration solution reverses the electrochemical
gradient, causing ions to move across the ion-exchange membranes, leading to a
change in current direction. While PRO and RED use mechanical and redox
intermediates to convert salinity energy into electricity, CapMix directly produces
electrical energy through controlled mixing [86].

1.3.2.4 Battery Mixing

Mixing entropy batteries or battery mixing, are similar to CapMix but use
faradaic electrodes to convert the chemical energy in salinity gradients to electricity
instead of using inert porous electrodes [92,113,114]. This technique employs
electrodes like MnO2|Na;MnsO1o as cathode and AglAgCl as anode with NaCl
electrolyte [92]. In BattMix, the cell is charged by applying an external voltage,
which moves Na" and CI” ions out of the electrodes into a low concentration
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solution. To start the discharge, the low concentration solution is swapped with
a high-concentration solution. This causes Na" ions to intercalate into the MnO»
cathode, and Ag(s) is oxidized to Ag" ions at the anode. Since the energy
produced during discharge through an external load is greater than the energy
used during charging, controlled mixing of the salinity gradient results in net
energy production. BattMix is a newer technology than PRO, RED, and
CapMix, and shows significant potential in the generation of electricity from
salinity gradients.

1.4 An Introduction to an Outflow Electrochemical Cell

We're presenting a novel electrochemical cell design to tackle water
scarcity, wastewater treatment, and green electricity generation. A notable
innovation lies in the novel geometry that permits the inlet flow to expand
outward across the porous electrodes. This design element effectively reduces
the process's energy consumption by mitigating concentration polarization
through advection. Concentration polarization stands out as a major driver of
energy losses in electrochemical procedures.

This electrochemical cell utilizes symmetric porous Ag/AgCl electrodes.
These electrodes can alternately capture and release ClI™ ions by forming or
removing an AgCl coating. As the AgCl coating forms on the oxidation
electrode, Cl™ ions are simultaneously removed from the reducing electrode.
This redox reaction causes a variation in the solution concentration close to each
electrode. The area near the oxidizing electrode experiences a reduction in the
solution's content, while the region around the reducing electrode becomes
more concentrated. This geometric approach can be applied to a system with
porous electrodes of any type.
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Chapter 2
Outflow Geometry for Electrochemical Desalination Cells

2.1Introduction

Expanding demand for freshwater is driving continued development of
desalination methods. Reverse osmosis is the most popular current technology, due
to low energy consumption and superior water quality [53,59,115-117]. However,
desalination approaches using electric potential to drive separation, such as
electrodialysis and capacitive deionization, are gaining interest for a variety of
reasons including system simplicity, potential for energy efficient operation on less
concentrated inlet streams, selectivity, and high recovery (particularly for ED)
[28,118].

In electrodialysis and electrodialysis reversal, salt ions are removed via
electromigration through selective ion-exchange membranes [26-28,119]. In
capacitive deionization, salt is removed by applying a voltage between two
capacitive electrodes both acting as sinks for the oppositely charged ion thus
desalinating the solution [32—37]. The capacity limitation of capacitive electrodes
can be alleviated by electrodes that use Faradaic reactions to form a “desalination
battery” [38—41].

Like traditional batteries, desalination batteries can operate using various
modes in terms of the participation of the ions in solution. In one implementation,
one electrode removes cations from solution via a specific reaction during charging,
while the other electrode removes anions. Another mode of operation is possible,
resembling “rocking chair” or ion shuttling batteries, such as Li-ion. In this mode,
one electrode sequesters ions while the other releases the same type of ion.
Simultaneously, the counter ion migrates from the electrode acting as an ion sink
to the one acting as a source to maintain charge neutrality. Smith and coworkers
introduced this approach using symmetric electrodes both containing the same
redox-active intercalation host compound (IHC) that absorbs cations in the bulk of
the host lattice via a reduction reaction of species in the IHC [41,44,45]. The IHCs
drive a process thus termed cation intercalation desalination (CID) where Na' is the
active ion, which is stored/released by the electrodes. Since the electrodes are

20



undergoing the same electrochemical reaction, their equilibrium potential is
similar, with the only difference arising from the local difference in solute
concentration. The only energy consumed by the cell is due to the free energy
of mixing and the various losses. A membrane is used to maintain separation of
the concentrated and dilute solutions residing near the discharging and charging
electrodes, respectively [120,121].

This ion shuttling mode is also applicable to anions. Bi/BiOCI was used in
the first symmetric C1™ ion desalination cell in which electrodes were separated
by a cation-exchange membrane [43]. Ag/AgCl has also been used in CI™ ion
shuttling desalination by several research groups [122,123]. In a study by Yoon
etal [122], implementing silver/silver chloride electrodes and a cation exchange
membrane in a symmetric configuration, 80% salt removal from 500 mM NaCl
solution was achieved. High salt adsorption capacity and fast desalination at
low voltages were demonstrated. A similar system successfully separated
chloride and nitrate based on the chloride selectivity of the electrodes
(Selectivity of CI /NO3™ = 80) [124].

The Faradaic electrodes in ion-shuttling desalination batteries need not be
symmetric. Different chemistries may be applied for the ion sink and source
electrodes (as in traditional ion-shuttling storage batteries) resulting in a
difference in the equilibrium electrode potentials and storage of energy during
charging and release of energy on discharge. For example, an asymmetric
configuration with two different Na-storage electrodes (Nickel
hexacyanoferrate/Iron hexacyanoferrate) has been demonstrated [125].

2.1.1 Cell flow geometries

Electrochemical desalination systems can be used in batch mode, where the
solution is stagnant in the cell, but generally operate with continuous flow of
the inlet solution. Different flow geometries have been studied [126—-131]. In
the most common approach, feed water flows perpendicular to the electric field
and along the plane of the electrodes, known as flow-by or flow between
electrodes [32,118]. In this approach, significant depletion of electrolyte occurs
near the electrode surfaces due to slow diffusion across the boundary layer,
resulting in higher cell resistance and increased electrode potential due to local
enhancement of depletion/enrichment. This affects the energy performance and
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the throughput of the system [132]. Suss et al, introduced flow through electrodes,
allowing flow parallel to the electric field [35,133,134]. Flow in this system is in
the same direction through both electrodes with the inlet solution introduced at the
outer surface of one electrode and effluent collected from the outer surface of the
other. This geometry allows advection to aid in electrolyte replenishment at the
electrode surfaces, reducing the effects of depletion at electrode surfaces, and flow
through electrodes have faster cell charging compared to flow by electrodes [32].
However, the region between the electrodes in this geometry still experiences a
significantly lower solute concentration, and higher solution resistance, than that of
the inlet solution. This geometry is also only applicable to a mode of operation in
which both electrodes are operating as ion sinks.

2.1.2 Novel outflow cell

Here we introduce an outflow geometry for electrochemical desalination. In
contrast to previous work on symmetric electrochemical desalination cells, flow
from the center of the cell outward through each of the porous electrodes distributes
effluent with concentration different than the inlet to each output channel. The
system is schematically shown in Figure 2-1. This flow geometry reduces
concentration polarization effects and solution resistance losses and can therefore
improve throughput and energy efficiency. Depletion and concentration
polarization still occurs, but the magnitude of these effects is reduced and the length
scale they operate over is dramatically reduced, moving from the volume between
the electrodes to the pore volume within the electrodes.

Symmetric porous Ag/AgCl electrodes are employed, which alternatively
sequester/expel CI™ ions by accumulating/stripping an AgCl coating. Due to the
electrode symmetry, the cell acts in an ion-shuttling mode. Switching of cell
polarity results in regeneration of the coated electrode and coating of the stripped
one by oxidation and reduction reactions, respectively. In parallel, the
concentration of the solution near each electrode changes. The solution is depleted
near the electrode being oxidized and enriched near the electrode being reduced.
Charge neutrality in the solution requires concentrations of cations and anions to
be the same at distances significantly larger than the Debye length. Cations are
therefore diluted/enriched along with the Cl™ ions, resulting in a local
decrease/increase of salt concentration with respect to the feed water. As the cell
specifically acts on Cl, it is applicable to solutions that contain chloride ions.
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The outflow geometry eliminates the need for a membrane in the ion-
shuttling mode. This can simplify cell design and maintenance and lessen
difficulties related to membrane fouling. However, the flow geometry presented
is equally applicable to modes with both electrodes acting as ion sinks.
Likewise, while several properties make silver an effective electrode for
application here including high capacity, compatibility with the electrochemical
stability of the solvent, reversibility, and robustness [135], the flow approach
can be used with any porous electrode chemistry.

The remainder of the paper explores the behavior of a system using the
outflow geometry over a range of operational parameters. We discuss the
physical mechanisms affecting performance and consider potential benefits of
the system with a particular emphasis on throughput.
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Figure 2-1: Schematic of Ag/AgCl electrochemical desalination cell with outflow through
electrodes. Electrodes are alternatively corroded (left in figure) or reduced (right) producing
purified or enriched outlet streams, respectively.

2.2Methods

The system introduced above is characterized here using analytical,
computational, and experimental methods.

2.2.1 Mathematical models

We model the system behavior using the Nernst-Planck formalism with
advection. The mathematical model is presented below including assumptions,
governing equations, boundary conditions and methods for calculation of the
potential across the system. The model is solved analytically for steady state
conditions and numerically under transient conditions.

2.2.1.1 Assumptions and approximations

Assumptions and approximations used to simplify analysis of the model are
detailed here. The cell is modeled in one dimension, along the direction of current
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and fluid flow, and assumed uniform in the other two dimensions. This is a
severe approximation, as the feedwater is introduced from one side of the
stream as shown in Figure 2-1. The model allows essential insight into the cell
operation, but we believe this approximation is a contributor to differences in
modeled and experimental behavior.

Electrodes are considered as simple sources/sinks, and they are
approximated as points in the 1D model, with negligible thickness. This is again
a severe approximation as the actual electrodes are relatively thick compared to
the domain between them. However, reactions likely do occur preferentially
near the surfaces of the electrodes facing each other. The specific distribution
depends on the internal surface area of the electrode, electrode resistivity, the
local resistance for the reaction at the surface considered, and the operational
conditions of the cell including current density, feed concentration, and flow
rate [136]. In the extreme case of small resistance except for the solution
contribution, the reaction would be limited to a narrow band. This is relatively
well represented by the point model invoked here, although the position of the
equivalent point electrode would shift as the reaction proceeds. Effects of this
approximation are also considered later.

The electrolyte is approximated as symmetric, with the mobilities and
diffusivities for the anion and the cation taken to be the same. Furthermore,
electrolyte diffusivity and molar conductivity are considered independent of
concentration. The concentration of NaCl in the cell is continuously changing
in time and space, which affects the true diffusivity and molar conductivity
values. However, due to the relatively small concentrations treated here, we
consider constant values reasonable.

For model simplicity, activation and AgCl layer resistance at the electrode
are considered negligible for AgCl thicknesses of interest. The only
contributions to cell voltage considered are the equilibrium electrode potentials
with respect to the local environment and solution resistance. This
approximation relies on the large surface area of the porous electrodes. The
components of resistance for Ag/AgCl electrodes have been well characterized
by Ha, and Payer [137] and are discussed in supplementary materials. We note
that the simplifications in resistance applied suggest uniform distribution of
current across the internal electrode surface, which may not be maintained, as
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mentioned above and discussed below. The activation and AgCl resistances may
have significant effects, particularly in current distribution throughout the volume
of the electrode. The resistance of the silver electrode material itself is also
considered negligible.

Finally, the electrode capacitance corresponding to double layers at the surfaces
is neglected, since the volumetric capacity of the electrodes is large compared to
the surface area.

2.2.1.2 Governing equation

The transport equation used to model this system, eq. (2.1), is derived from the
general mass conservation law for a solute dissolved in a flowing solvent with a net
volumetric source or sink [138,139].

ac >
Frin -V -]+ Source/—Sink = —D

d2C  u dC i 2.1)
_—
de ¢m dx 2F¢m6elec

where J is the molar flux for the species whose concentration is C. The
source/sink term represents the creation or destruction rate of species throughout
the porous electrode volume (with thickness 6,;..) due to chemical reactions. The
strength of the source/sink is scaled by the transference number of the active ion,
which for the symmetric electrolyte approximation applied, is taken as 0.5. i is
current density (A/m?), F (C/mol) is Faraday’s constant, and D (m?/s) is the
diffusivity coefficient. Electroneutrality, along with the approximation of a
symmetric electrolyte allows us to consider a single concentration value and
eliminate the migration term here [139]. Real solutions will include a mixture of
cations and anions for which electromigration must be considered. In this case, the
conservation of each species and total charge conservation must be considered
simultaneously to obtain solution potential and concentration distributions for each
species [140-143].
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In experimental implementations, a mesh with porosity, ¢, is placed
between the electrodes. Some of the cross-sectional area is thus unavailable for
flow. This results in a higher local velocity and affects the strength of the
sink/source.

To solve eq. (2.1), we break the solution domain into two regions (Figure
2-2). One region is from the introduction of the flow (center of the cell) to the
source/sink, and the other segment is from the source/sink to the outlet. Due to
the symmetry of the system, the solution for AC = C — C,, is antisymmetric
about the inlet.

2.2.1.2.1 Boundary conditions

Four boundary conditions (BC) are applied to solve eq. (2.1) for both
regions simultaneously (Figure 2-2). At the inlet (cell center), the concentration
is fixed to the feed concentration (BC. 1), while at the outlets, the gradient of
the concentration is zero (BC. 2). At the surfaces between the regions,
representing the electrodes, the difference between the fluxes on either side of
the electrode is equal to the total strength of the source/sink (BC. 3) (i.e., current
over Faraday’s constant). Lastly, the concentration is continuous across the
electrodes (between the two regions) (BC. 4).

BC. 1 Atx=0,C=Cy
BC.?2 Atx=+2%_9
2 dx
BC. 3 Atx =45, Jout - Jin = —
20, F
BC. 4 Atx=+s, C'=C

27



Source/Sink Source/Sink

X=-5 | X=S
i i
Jom'Jm_ Jour'Jm_

2¢mF 0 X 2¢mF
c=c Inlet (C =C)) c=c
dc u=-u, u=u, l de
—=0 < > — =
dx ﬁ _________ B dx 0
1 (————]_ g .

i L -s i s R |

| N o . |

¢ L —!

1 1

i Region 1 Region 1 :

u—»k—»k—»k—v:

Region 2 Region 2

Figure 2-2: Schematic of model domains and boundary conditions
2.2.1.2.2 Model for potential in the system

As stated in 2.2.1.1, the activation and AgCl layer resistance are considered
negligible. The total potential across the cell, V is thus defined in terms of the local
equilibrium electrode potential, Ec.;, and the solution resistance loss, i * ASR,
which obeys Ohm’s law. The cell potential is thus calculated by eq. (2.2). ASR(Q
cm?) is the cell resistance normalized by its area.

V= E,+ixASR (2.2)

Silver chloride and silver are insoluble and have activity of 1. Therefore, the
equilibrium electrode potential is determined by the localized increase or decrease
in the chloride concentration at the electrode surface compared to the bulk. Ec.ris
the difference in the equilibrium electrode potential due to the concentration
difference between the two symmetric electrodes and is calculated by the Nernst
equation, eq. (2.3) [137], where R (J mol! K™!) is universal gas constant and T (K)
is temperature.
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RT [a;_ed] (2.3)
nF [Cloy]

Ecen =

Solution resistivity is integrated between the electrodes to give total area
specific resistance of the cell, as given by eq. (2.4), where 4 is molar
conductivity (e.g. S m*/mol) and ¢y, is the mesh porosity.

ASR = [ A;ic (2.4)

2.2.1.3 Numerical simulation

Eq. (2.1) is readily solvable analytically for steady state conditions, but
numerical simulations are useful to understand transient behavior, describing
where ions and energy are transferred inside the system for different operating
conditions. The Fipy finite volume package in Python [144] is used for this
purpose here. An implicit diffusion formulation is used for system stability. The
sample domain is divided into 200 elements, and the time step is constant at
4.7 ms. Electrodes are considered as internal sources occupying a single
element. Simulations are performed with square wave current or voltage
imposed on the cell. For simulations with imposed voltage, the cell resistance
is determined from the concentration profile from previous timestep and is used
to determine the cell current for the following timestep based on the applied
voltage. The cell current then provides the strength of the source/sink
corresponding to the electrochemical reaction. More generalized approaches for
potentiostatic and galvanostatic simulation are available [145].

2.2.1.4 Solution properties

The diffusion coefficient of the mixture of ions is obtained from eq. (2.5)
[146]. D; and D; are the diffusion coefficients for Na" and C1” with the values
of 1.334*10° m?/s and 2.032*10" m?/s, respectively [146].
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2 (2.5)
1.1
D,y " D,

Molar conductivities of NaCl taken from Lide [146]. The value of molar
conductivity for NaCl at 50 mM of 111.01x10*m? Smol™! is used for all
calculations.

2.2.2 Experimental

2.2.2.1 Cell construction

The cell is constructed with a layered structure as shown schematically in
Figure 2-3. The electrodes are separated from each other by a woven polymer mesh.
The aperture of the cell (1 cm?) is defined by silicone and polyester sheets, and all
layers of the cell are sandwiched between acrylic caps.

The feed stream enters from the center and flows out through the porous
electrodes. Syringe pumps on the inlet and both outlet ports are used to provide an
even split of the flow. Dead volume is minimized in cell construction and
throughout the flow circuit, which is important to minimize mixing. A schematic
of the full experimental setup and photos of component layers are given in
supplementary materials.
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Figure 2-3: Schematic of cell layers

307 um

2.2.2.2 Cell materials

The cell electrodes are silver filtration membranes (Sterlitech) with nominal
pore size of 0.2 um and thickness of 50 um. The porosity of the electrodes is
measured to be 23%. For the 1 cm? of aperture area, the electrode working
surface area is estimated to be 750 cm? based on a crude geometrical model
described in supplementary materials. All layers of the cell are shown in Figure
2-3 and described in supplementary materials. The space between the electrodes
is estimated to have thickness 307 um with porosity 71%.

2.2.2.3 Conductivity measurement

Two types of conductivity probes are used to characterize effluents of the
cell. A flow through conductivity electrode (ET916, eDAQ) with an internal
volume of 17 pL is connected to one outlet while a contactless conductivity
detector (eDAQ ER825 C4D) is used for the other.

2.2.2.4 Desalination experimental procedure

Before desalination (diluting and enriching cycles), one of the silver
membranes must be chlorided (oxidized). The chloriding process was done at
constant voltage of 0.9 V using flowing 50 mM sodium chloride (NaCl)
solution. During the chloriding, 4 C of charge is stored in the electrode. The
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corresponding volume added by silver to silver chloride conversion is about 15%
of the pore volume. The amount of initial charge limits the later functioning, as
availability of charge to shuttle between the electrodes determines cycle
desalination capacity.

During desalination, 50 mM NaCl solution is introduced at the inlet to the
system via syringe pump at flowrates between 40-800 pl/min. The cell is flushed
with feed solution for 1000 s before operation. Voltage magnitudes of 0.18 V,
0.25V, and 0.32 V are applied to the cell. Syringe pumps on both cell outlets
withdraw depleted and enriched water at equal flowrates. Eventually, there is
depletion of the AgCl layer on the reducing electrode. At this point the cell current
drops, as further reduction is prevented, and the electrode polarity must be reversed
for continued operation. This polarity reversal is triggered once the current drops
to 0.3 of the average current for the first 300 s of the half cycle.

2.2.2.5 Experimental data analysis

Conductivity measurements are converted to concentration based on the molar
conductivity. Conductivity data was rescaled based on the average of the
conductivity values for 50 mM NacCl solution at the beginning and end of every
experiment due to the changes of conductivity with temperature during the day.
Occasional spurious conductivity readings were removed manually.

2.3Results and Discussion

2.3.1 Steady state behavior from analytical model

Although the system relies on oscillation of current direction for continuous
operation, steady state analysis is still useful for understanding important elements
of system performance. Solving eq. (2.1), yields the well-known steady state
concentration profile in terms of Peclet number (Pe). Pe represents the ratio of
advection to diffusion in the cell and is expressed by eq. (2.6), where the
characteristic length, is chosen as the distance from the center of the cell to the
surface of the electrode, s.
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Pe = — (2.6)

The concentration profile as a function of position from the inlet to the
electrodes is given by eq. (2.7), while the concentration from the electrodes to

the outlets is uniform and expressed by eq.(2.8).

Between electrodes

_pe
C(x) = CO i Pe <1 — ed’ms >
ZePm
2FPe S € 2.7)
i _u
= Co + SU 1 — e9mD )
2Fue®mD
Outlets
i 1
Cx=4s)=Cy+ ( 55 1)
2FPe—=— \,¢,,
s € (2.8)

[ 1
AC = C(x = £s) — C, _2Fu<¢S”D 1)
ePm
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Eq. (2.8) gives the separation performance of the cell. Change in concentration
from inlet to outlet, AC, is proportional to cell current and inversely proportional to
velocity times a term accounting for diffusive remixing. The relationship between

A . R . . : .
TC and Pe is shown in Figure 2-4. Higher velocity results in lower mixing as

advection overcomes diffusion, carrying away the enriched and depleted solution
at the electrodes.

Pe
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Figure 2-4: Relationship between ATC and velocity showing competition of advection and

diffusion. (Top axis corresponds to porosity of 0.7.)

Cell voltage (eq. (2.2)) can be determined entirely from the concentration
profile (eq. (2.7)) and the operating current of the cell. As discussed in 2.2.1.1,
solution resistance is the only significant component. Combining eqs. (2.4), and
(2.7) yields an expression for the total cell area specific resistance, at steady state:
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Cell voltage depends on solute molar conductivity, inlet concentration (Cy),
relative concentration change (AC/C,), which we will refer to as degree of
separation, and velocity (u). Implications for cell performance in terms of
effectiveness of separation based on current flow (charge efficiency) and energy
efficiency are discussed below.

23.2 Transient simulations

Simulations were performed with both constant current density magnitude
of 48 A/m? (but alternating direction) and constant cell voltage magnitude of
0.18 V (but alternating polarity) to explore the spatial and time variations of the
system characteristics. For all simulations shown here, the following conditions
are maintained. The porosity of the space between the electrodes is set to 0.7.
The velocity at each electrode is 3.33 um/s. This corresponds to Pe = 0.32, and
diffusion is stronger than advection in the region between the electrodes. The
inlet feed solution is 50 mM NacCl.

Simulated changes of concentration versus position throughout the cell at
various times in the cycle are shown in Figure 2-5 for constant current
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magnitude. There is reduction (enrichment) occurring on the left electrode and
oxidation (depletion) occurring on the right electrode. The plot shows the
evolution of concentration following a polarity switch at 52.23 s. Prior to the
switch, the system is at steady state with the left electrode being reduced (CI™
source) and the right electrode oxidizing (Cl™ sink). At switching, the right
electrode, for example changes from a sink to a source and creates a maxima in
concentration that diffuses away from the source until a steady state is restored. The
discontinuity in the slope at the electrode results from the addition/removal of
electrolyte corresponding to the electrochemical reactions.
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Figure 2-5: Simulated evolution of concentration vs distance for different times following
application of step change in current direction (48 A/m? magnitude) at 52.23 s (as shown below).

The corresponding cell current and voltage and the concentrations for both
diluted and enriched outlets are shown versus time in Figure 2-6.
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Figure 2-6: Simulated cell behavior at constant current density (48 A/m?) a.) Cell current
and voltage vs. time b.) Outlet concentrations vs time

At a constant current density of 48 A/m?, the voltage attains a steady state
value of about 74 mV. Once the polarity is flipped, the voltage magnitude
decreases and then recovers. After the switch of polarity (at 52.23 s in Figure
2-6), the magnitude of the cell voltage reduces rapidly to ~0.1 mV, then
converges back to the steady state value in about 50 s. To physically explain
this behavior, we refer to eq. (2.2). At the time of switching, the concentration
cannot change instantaneously anywhere, so the equilibrium potential value
remains the same. Likewise, the solution resistance which depends on
concentration remains unchanged from before the polarity switch. The only
change is the direction of the current. Thus, the resistive term changes sign,
resulting in a lower voltage magnitude.

Figure 2-6-b shows the simulated change in concentration of the effluents,
following changes in polarity. The simulation starts with an oxidation reaction
on the electrode corresponding to the orange series producing dilute solution
with a concentration of 23 mM. Reduction occurs on the green series electrode,
producing solution enriched to 77 mM. As the polarity is flipped at t = 52.23 s,
the electrode functions are reversed. The time for recovery to steady state in

concentration corresponds closely to the transient in cell voltage and is about
40 s.
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Figure 2-7: Simulated cell behavior at constant voltage magnitude a.) Current and Voltage vs.
time. b.) Outlet concentration vs. time

Operation at fixed cell voltage magnitude results in different behavior as shown
in Figure 2-7. When applying a constant voltage magnitude of 0.18 V (with varying
polarity), the current density reaches a steady state of 80 A/m? in about 5s. The
changes in effluent concentrations with time are shown in Figure 2-7-b. On the
enriched side, the effluent concentration is 96 mM, and on the diluted side, the
concentration reaches 4 mM. The transients in electrical and concentration are
much shorter for the constant voltage magnitude compared to the fixed current
magnitude case. The time from polarity switch to steady state in outlet
concentration is about 8 s. The rapid concentration change is reflected by the high
current density achieved during polarity switching.

The large spikes in current result from changes in voltage polarity. The
simulation does not include an electric double layer, so this does not contribute to
the simulated spike. Again, the physical mechanism for the spikes originates from
the equilibrium potential of the electrodes. When the voltage flips, equilibrium
electrode potential now enhances the flow of current resulting in very large values.
As the concentration starts to deplete/enrich on the respective electrodes, the
equilibrium potential returns to the original situation where it is fighting against the
applied voltage. The large current after polarity switch quickly changes effluent
concentrations.
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233 Experiments

Desalination experiments use a 50 mM NaCl feed solution at a defined inlet
flowrate from the center of the electrochemical cell and a constant voltage
magnitude. Figure 2-8 shows the change in measured outlet solution
conductivity and calculated concentration for a representative experiment with
12 cycles at an inlet flowrate of 40 ul/min (equal flowrate of 20 ul/min or
velocity of 3.33 um/s at each outlet, Pe = 0.32) and cell voltage of 0.18 V. On
the enriched stream, the mean concentration value is about 76 mM, and on the
dilute stream the mean concentration reaches 13 mM. The difference in
concentration from inlet should be symmetric on both sides, but this is not
observed. One possible reason for this difference is non-uniformity in the flow
produced by compliance in the system (e.g., air bubbles) along with the change
in flow resistance of the electrodes as they are corroded and stripped.
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Figure 2-8: Measured outlet solution concentration for experiment with 50 mM NaCl
inlet concentration and 0.18 V cell voltage magnitude.

Figure 2-9 shows the current density measured through the cell as a function
of time for a voltage magnitude of 0.18 V (with alternating polarity). Each half
cycle is about 400 s to 500 s long, and the length of cycle is set by the decay in
current corresponding to the depletion of AgCl on one electrode, as discussed
above. The average of the current density magnitude during each half cycle is
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about 50 A/m?. The experimental current is highest after switching, drops rapidly,
then stabilizes somewhat before again decreasing at an accelerating rate and
eventually reaching the cut off level (0.3 of initial average). We believe that the
silver chloride available for reduction limits the charge capacity of the electrode.

However, the amount of charge moved back and forth between the electrodes
is about 2.5 C for each half cycle (corresponding to ~3.6 mg of silver chloride).
This is less than the initial charge of 4 C added in the chloriding process. We
hypothesize that some of the corroded electrode may not be accessed based on the
current cutoff criteria for switching. Additionally, the accumulating AgCl on the
oxidizing electrode can impede further oxidation either by passivating the surface
or clogging the pores. For uniform silver chloride growth over the entire surface,
the layer resistance would be negligible, but the buildup may not be uniform. Some
parts of the membrane may corrode faster and become clogged. Such a mechanism
may invalidate our assumption of negligible AgCl layer resistance.
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Figure 2-9: Measured cell current and voltage for experiment with constant cell voltage
magnitude but alternating polarity. The outlined cycle is considered in detail below.
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234 Comparison of experimental and simulation data at
constant voltage

Experimental and simulation results at constant voltage magnitude and similar
conditions are compared here, and differences in current and concentration
response are discussed. The 8" and 9™ half cycles from Figure 2-9 are expanded in
Figure 2-10 along with the simulation data form Figure 2-7.

Each half cycle in the simulation is performed for about 52 seconds until
the system approaches a steady state. However, the simulation has no inherent
limitation on electrode capacity, and this is an arbitrary time for polarity
switching. The experimental half cycle is longer, and the simulation data is
therefore split and aligned with the experimental polarity switch in Figure 2-10.

At steady state, the current densities are quite similar for simulation and
experiment. The initial current spikes in the experimental data are, however, of
significantly smaller magnitude, and the experimental current time trace shows
more complexity than simulations, with a slight rise and longer time scale decay
following the initial spike. We hypothesize that the difference between the
simulation and the experimental data results primarily from the 1-D nature of
the simulation. In reality, the electrodes are certainly not uniformly active, and
the flow does not evenly distribute across the electrode aperture. In the
experiment, there is likely a concentration gradient across the electrodes
between areas closer to and further from the inlet. Longer term relaxation
processes associated with lateral concentration gradients may explain the
slower current decay. The finite thickness of the electrodes in experiment may
also contribute to the discrepancy with the simulated current spike.
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Figure 2-10: a.) Comparison of experimental and simulated current density and changes in the
thickness of AgCl layer at constant voltage magnitude b.) Short time scale transients in current for

experimental and simulation

Neglecting any electrochemical reaction other than silver oxidation and
reduction, the current can be converted to AgCl volume accumulation on the
oxidizing electrode for each cycle. Treating the AgCl volume as uniformly
distributed over the electrode surface area yields an estimate for thickness. Based
on the estimated electrode surface area (supplementary materials), the change in
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thickness is about 9 nm, which is small compared to the nominal pore size of
200 nm. The accumulation of silver chloride, however, is undoubtedly non-
uniform. Some pores may be filled, while others are still available. We note that
the non-uniform reaction can have a self-regulating effect. As the corrosion
layer thickness increases, the reaction will be preferentially shifted to less
corroded areas. Likewise, localized depletion in volumes of the electrode will
tend to shift current to less depleted volumes. A full consideration of these
effects requires detailed 3D simulation of flow and electrochemical transport
[147].

Figure 2-11 shows the changes in the effluent concentrations for both
simulation and experiment. For the experimental results, the concentration has
a 52% average increase on the enriching side and a 74% average decrease on
the removal side (compared to the inlet concentration), though the
concentration change would be expected to be symmetric. As discussed above,
a possible reason for this difference is non-uniformity in the flow. In the
simulation, the change in the concentration is 92% in both enriched and dilute
streams, showing substantially more effective separation. Again, a likely
important factor in this discrepancy is the assumption of 1-D flow. This is
discussed in more detail with regard to charge efficiency below.
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Figure 2-11: Comparison of the effluent concentrations for simulation and experiment for
constant voltage magnitude of 0.18 V. Dashed line represents the inlet concentration.

2.3.5 Charge efficiency

Charge efficiency (n) is an important parameter describing the effectiveness of
electrochemical desalination. It is defined by the number of salt ions removed from
solution divided by the number of unit charges passed through the cell, as given by
eq. (2.10) [32], in which AC is the difference between the outlet and inlet
concentrations. In the system considered, solute ion removal occurs due to the
capture of Cl” ions during electrode oxidation and the corresponding conduction of
Na' ions toward the opposite electrode. For this symmetric electrode case, the
charge efficiency is scaled by the transference number of the active ion [44], 0.5
for the symmetric electrolyte approximation applied in the model

2uACF (2.10)
n =

[

The most important factor lowering charge efficiency is diffusion in the system,
acting against the outward flow carrying the dilute and enriched streams away.
Charge efficiency must be zero when no solution flows from the cell.

From the analytical solution for steady state outlet concentration, eq (2.8), 4C
is proportional to current density and inversely proportional to flow velocity. The
charge efficiency at steady state then only depends on Pe.

1
n =<1— pe> (2.11)
ePm

Charge efficiency versus Pe for the steady state analytical model is shown in
Figure 2-12. Since diffusivity is considered constant, Pe and n only depend on
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velocity for a fixed electrode spacing. The yellow data points in Figure 2-12
show the experimentally measured charge efficiencies (using an average of
outlet AC values).

The model shows good correspondence to the experimental data, but there
are several effects not captured in the model which may influence charge
efficiency. The analytical solution applies to steady state while the experiments
include transient conditions. There is some loss of charge efficiency due to
polarity switching, in which concentration gradients that were built up at the
expense of passed charge are destroyed without being conveyed to the outlets.
Complex flow may also affect transient response. The concentration response
in experiment is indeed slower than the simulation. Taylor dispersion in the
tubes leading to the conductivity probes and dispersion in the porous media may
also contribute to the slower response in experiment. In application, the relative
significance of the transient portion of the response would depend on the
capacity of the electrode. For high-capacity electrodes, switching is infrequent,
and the transient is relatively unimportant. The model is derived for a symmetric
electrolyte, whereas CI™ in the solutions considered here has a transference
number closer to 0.6. The 1-D flow assumed in the model fails to account for
the more complex 3-D flow likely produced in experiments, which allows for
additional mixing and stagnation. The assumption of thin electrodes in the
model may also affect calculated charge efficiency. This effect might be
expected to lead to underestimation of charge efficiency by the model due to
the closer effective electrode spacing.
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Figure 2-12: Charge efficiency vs velocity and equivalent Pe number. Blue, solid series
corresponds to analytical solution at an electrode spacing of 307 um. Yellow data points shows the
experimentally measured efficiency.

Charge efficiency can be improved by a variety of approaches. As shown by
eq. (2.11), charge efficiency depends on Pe which itself depends on the distance
between electrodes. Therefore, at a constant velocity, by increasing the spacing
between electrodes, the Pe would increase and result in a higher charge efficiency.
Charge efficiency can also be improved by limiting the cell dead volume and
minimizing mixing. As discussed, high capacity electrodes that minimize switching
frequency improve charge efficiency.

2.3.6 Cell voltage

As shown in egs. (2.2) (2.3), and (2.9), cell voltage increases with increasing
degree of separation (AC/Cy) and flow velocity. Figure 2-13 shows the required
voltage for cells operating at different flow velocities while producing a desired
change in concentration, 4C, based on the steady state solution (eq. (2.9)), with
inlet concentration Cy = 50 mM.
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Figure 2-13: Cell voltage vs velocity at inlet concentration of 50 mM for different AC
values as modeled analytically at steady state.

For a fixed cell voltage, the change in concentration achievable is thus
limited by flowrate. Higher flowrate leads to better charge efficiency but lower
desalination degree. Figure 2-14 shows the degree of separation, AC/C,, from
50 mM feed solution, predicted by the steady state analytical model versus
velocity for two cell voltages and measured experimentally at a number of
voltages and velocities.

The cell voltage behavior also depends on electrode spacing. (All results
show here are for electrode spacing of 307 um.) The assumption of thin
electrodes in the model may underestimate the solution loss somewhat due to
the additional average ionic conduction distance in the electrode pore space in
experiments.

We note that the increase in voltage with flowrate at constant degree of
separation is due entirely to the solution Ohmic loss. The equilibrium potential
for each electrode is fixed for a given degree of separation. For all practical C1~
concentrations and pH values, the equilibrium potentials for both electrodes are
within the stability window for water [ 148]. Electrolyte stability is discussed in
supplementary materials.
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Figure 2-14: Degree of separation (AC/Cy) vs. velocity a.) calculated with analytical model
and b.) measured experimentally (red: cell voltage of 0.32 V, green: cell voltage of 0.25 V, and
yellow points with dashed line: cell voltage of 0.18 V).

2.3.7 Energy efficiency

We evaluate energy efficiency based on energy expended per ion separated
from the inlet stream, expressed in eq. (2.12) in terms of cell operational parameters
and charge efficiency.

CellPower Vi _ VF (2.12)

Ener erion=———= =
gyp Separation rate uAC n

An important result from consideration of egs. (2.8) and (2.9) is that the energy
per ion is dependent on the relative degree of separation (AC/C,), feed
concentration (Cy) and flow velocity (u) for the steady-state analytical model.
Pumping power is not considered in eq. (2.12) or the following analyses. As
discussed in the next section, its contributions to energy consumption are small
compared to the de-mixing and Ohmic components.

As shown in Figure 2-15, the required energy to separate ions at very low
flowrate is large, due to high back diffusion (lower Pe) and poor charge efficiency.
By increasing the flowrate, advection overcomes the back diffusion (higher Pe) and
the energy per ion decreases. However, as discussed above, higher velocity requires
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higher cell voltage to drive the required current for a given degree of separation
(AC /Cyp), thus increasing energy usage. The competition between these two effects
(diffusion versus resistive loss) results in an optimum velocity for minimum
energy usage, as seen in Figure 2-15. At higher flowrates, the throughput of the
system improves at the expense of increased energy consumption.
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Figure 2-15: Changes in energy per ion vs velocity as a function of AC and cell voltage for
Cp =50 mM calculated with analytical model and measured experimentally. Note that degree
of separation in experiment varies with velocity for constant voltage and is smaller than
predacity by the model (see Figure 2-14).

In Table 2-1, the energy per ion for similar degree of separation is compared
for experiment and steady-state model solutions at two flowrates in this study,
and for an RO system analysis from literature considering similar inlet
concentration and blending for similar degree of separation [149]. From Figure
2-15, to achieve the lowest energy per ion at a 65% degree of separation, the
flowrate should be 70 ml/min. Energy per ion for the experiment here is
approximated 1.7x higher than that predicted from the steady state model.
However, the predicted energy consumption for the 1D flow with optimized
velocity (11.7 pm/s) is similar to the example reverse osmosis application with
similar salt removal (applying permeate and input blending) reported in
literature [149], and 16.5x the thermodynamic minimum [150].
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Table 2-1: Comparison of energy per ion removed for similar AC and Co =50 mM

This study — Experiment 3.33 64.1% 81.43
This s‘cudl}l/1 ;Sgady state 113 65% 4391
This stud?/ - Steady state 11.67 65% 29.37
model, ideal velocity
Reverse osmosis [149] 5.56" 65% " 27.27

* - effective velocity for blended output —

** - portion of input stream mixed with permeate to adjust salt removal
2.3.8 Throughput and scale-up

The outflow geometry reduces electrolyte depletion between the electrodes that
exists in traditional flow-by geometries due to slow diffusion across the relatively
large boundary layer. Flow from the center of the cell replenishes the electrolyte at
the electrodes. This mechanism has two benefits. It reduces the solution resistance
corresponding to large, heavily depleted regions, and it reduces the equilibrium
potential of the electrodes by reducing concentration polarization. These effects
have significant influence on cell throughput, allowing operation at high superficial
velocities compared to competing technologies like RO. Due to both membrane
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hydraulic resistance and concentration polarization, RO systems are commonly
limited to low membrane permeate velocities. For example, an RO system tailored
for brackish water is likely limited to permeate fluxes of less than 10 um/s, even
for high quality sources [151].

As shown in the previous section, for the outflow electrochemical system,
above an optimum velocity, there is a tradeoff between increasing the
throughput and the energy required for a fixed degree of separation. However,
this is a gradual trade and high throughputs are possible at acceptable energy
efficiencies. As an example, based on model predictions, removal of
AC =32.5 mM from inlet concentration Cp = 50 mM at the optimum superficial
velocity of 11.67 um/s requires 29.37 kJ/mol of separated ions, but the flowrate
can be increased 10x (116.67 um/s) while increasing the energy only 4.1x
(121.27 kJ/mol). RO membranes incur much larger increases in energy loss
with increased permeate flux due to the high pressures required to drive flow.
For example, a representative brackish water RO membrane might require ~1
bar of pressure per pm/s of superficial velocity increase [152].

We note that pumping power has been neglected in the previous analyses
for the outflow electrochemical system. This is due to the relatively low
hydrodynamic resistance of the electrode. The pore sizes of interest for the
porous electrode (e.g., ~200 nm in the experimental cell) are dramatically larger
than those relevant for traditional membrane approaches. Based on the simple
geometrical model presented for the membrane in supplementary information
(Figure S1), the hydrodynamic resistance of the electrode predicted from the
Hagen- Poiseuille equation would be ~0.2 kPa/(um/s), more than 100x smaller
than the resistance of brackish water RO membranes considered above. The
actual flow resistance will depend on the specific configuration of the porosity
in the electrode and, importantly, whether any gas is trapped in the pores, as the
relative permeability for multiphase flow can be dramatically lower than the
intrinsic single phase value [153]. For these low values of hydraulic resistance,
pumping power is small compared to Ohmic loss and de-mixing energy. For
example, the hydraulic power for the electrochemical system at a velocity of
~100 um/s would be ~4 W/m? for the predicted flow resistance compared to a
modeled electrical power of ~400 W/m? for 70% removal from 50 mM NaCl
feed. Furthermore, we note that larger electrode pore sizes (e.g., 1 um) are
viable and would dramatically reduce hydraulic resistance (proportional to
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inverse of pore size squared) while not severely impacting internal surface area
(proportional to inverse of pore size).

Given the gradual increase in energy consumption with cell throughput, other
limitations of superficial velocity are of interest. As discussed above, oxidation and
reduction of the electrodes is thermodynamically favored to electrolysis of water
for all practical conditions. Therefore, throughput is not specifically limited by cell
voltage. Although not expected to be a significant contribution to energy
consumption, pressure drop still presents practical limitations. A primary advantage
of the electrochemical desalination approaches is the system simplicity and
freedom from high pressure components. High electrode pressure drop may reduce
such an advantage. Perhaps the most essential constraint on throughput is polarity
switching frequency. In a usable system, the effluent streams from each electrode
must be redirected to different outlets to accommodate the change from depletion
to enrichment. During the switch, depleted solution is lost both in the cell volume
itself and any “dead” volume beyond the electrode which is alternatively occupied
by dilute and enriched effluent. For fixed electrode capacity, switching frequency
is proportional to throughput. At sufficiently high switching frequencies, losses
associated with mixing will be significant, thus limiting throughput.

Practical desalination systems will require much larger electrodes that the 1 cm?
considered in the current experiments. However, the flow of the feed solution
within the plane of the electrodes prior to its flow through the electrodes themselves
(Figure 1), puts severe limitations on the width that is practical for a single
electrode. Scale-up of the system to larger sizes will require uniform distribution of
feed solution through the electrodes. One solution to this challenge is to divide the
electrode into a large number of smaller electrodes resulting in smaller aspect ratios
for the active solution volumes. Implementing this solution will require a manifold
capable of supplying feed solution to and extracting effluent from each of the
individual electrodes. The design of these manifolds is a focus of ongoing work.

Finally, we consider the operation of the outflow electrochemical system with
higher feed concentrations. The two primary effects of increase in feed
concentration are an increase in polarity switching frequency and a reduction in
solution resistance. As discussed above, switching frequency likely poses a primary
limit on throughput. Therefore, increased inlet concentrations will likely require
increased electrode capacity via thicker electrodes or reduced superficial velocity.
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2.4 Conclusions

Here we introduce an electrochemical deionization system utilizing a novel
outflow geometry. The system is analyzed using steady-state analytical and
transient numerical models and characterized with experiments on a small
(1 cm? active area) system. Cell behavior is studied in terms of cell electrical
characteristics and separation action. Overall desalination performance is also
characterized in terms of degree of separation, throughput, charge efficiency,
and energy usage.

The advection imposed through the porous electrodes in the novel flow
geometry, colinear with the motion of the ions, greatly alleviates electrolyte
depletion that occurs in other electrochemical deionization approaches, which
predominantly apply flow perpendicular to the motion of ions. The reduced
depletion has significant effects for the system kinetics and energy
consumption. Advection acts to lower the degree of concentration polarization
at the electrodes and decreases the electrolyte resistance associated with
depletion. These phenomena act to reduce energy loss at a given flow rate or
conversely allow higher flowrate for a given energy consumption or cell voltage
drop. This approach offers potential for superficial membrane velocities more
than 20x those of RO (e.g., >100 pm/s for the outflow cell compared to ~5 pm/s
for RO [154]). As the system introduced here also has no requirement to handle
high pressure flow, it may offer a compact and convenient alternative for high
efficiency desalination, for example, in mobile contexts. The selective nature
of the Ag/AgCl electrodes applied here may also make the system beneficial
for selective separations|124,155].
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2.5Appendix

2.5.1 Electrode properties and behavior

The cell electrodes are formed from porous silver filtration membranes
(Sterlitech) with a nominal pore size of 0.2 um. Relevant characteristics of the
electrodes are discussed below.

2.5.1.1 Ag/AgCl electrode resistance components

The accumulation of charge considered in this study corresponds to a small
thickness of AgCl on the porous electrode surface. Likewise, the current density at
the electrode surface (assuming uniform distribution throughout the porous
structure) is very low, minimizing the contribution of activation resistance. Based
on linear interpolation of results from Ha and Payer [137], the resulting area
specific resistance (ASR) for these two components is negligible compared to
solution resistance. For example, the solution resistance for the cell design and
operational parameters considered here is ~10° times larger than the maximum
uniform silver chloride layer resistance. Likewise, at the maximum pore surface
current density considered here, the activation overpotential is only about 1-2 mV
which is less than 1% of the total potential drop in the system. However, non-
uniform reaction rates throughout the electrode may hinder the validity of this
approximation. The resistance of the silver matrix is also considered negligible.

2.5.1.2 Electrode porosity

Electrode porosity was determined from measurement of sample mass and
thickness for membranes of defined area. Table 2-2 provides information for
membranes used in experiments.

Table 2-2: Specifications of 0.2 #m silver filtration membranes (Sterlitech).
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Thickness | Area Mass Membrane | - Arcal Silver Solid

density | density | density
2
(pm) (cm’) (&) (g/em?) | (g/em?) | (g/cm®)

. Porosit
fraction Y

40 10.75 | 0.3502 8.14 0.814 | 10.49 0.77 23%

2.5.1.3 Membrane microstructure model

The surface area of the electrodes is approximated by a simple geometric
model as shown in the Figure 2-16. The silver membrane is modeled as a sheet
with cylindrical holes through it having diameter equal to the nominal pore size
of 0.2 um and length equal to the membrane thickness of 50 um. The measured
membrane porosity is ~23%. Using the above geometric model, the ratio of the
total surface area (Agy,f) to the projected area (A, ;) is approximately 260.
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Figure 2-16: Membrane microstructure model
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2.5.1.4 Electrolyte stability relative to electrode.

A key characteristic of the electrode is its potential with respect to reactions
involving the solvent. The equilibrium potential for electrode reaction (Ag + ClI™ —
AgCl + e™) depends on the concentration of chloride in solution. Likewise, the
evolution of hydrogen or oxygen gas by electrolysis, depends on the pH of the
solution. However, for all reasonable values of chloride concentration and pH, the
electrode potential remains in the stability window of water [148]. A Pourbaix
diagram for silver in the presence of Cl™ is shown in Figure 2-17 for some example
values of chloride concentration.

100 + 0 oSssse
1000 | — ~22Evolution
(-—-)AgCl,> it I
09 [ Agcl (<) \l Range of change in CI-

concentration

0 1 Ag 1 1 1 T

Electrode potential vs SHE (mV)

-500

-1000

pH

Figure 2-17: Pourbaix diagram for an Ag-CIl-H,O system at 25°C for blue solid line Ccl™ =1 M,
blue dashed line Ccl™ =2 M, orange solid line Ccl” =5 mM

252 Detailed cell construction

Figure 2-18 shows an exploded schematic of the desalination cell construction.
NaCl solution is introduced by using a syringe pump to the center of the cell.
Depleted and enriched water outlets are collected at a flowrate equal to half the inlet
flow by syringe pumps. Conductivity probes are used to measure the conductivity
of two effluents of the cell.
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Figure 2-18: Exploded cell schematic.

Figure 2-19 shows a photograph of the cell’s component layers. The
electrodes are 200 nm membranes with a thickness of 50 um and active
projected area of 1 cm? They are separated from each other by a woven
polymer mesh. The initial thickness of the mesh separating the electrodes is
322 um. Due to the compressibility of the mesh, the final thickness of the mesh
in the assembled cell is considered to be 307 um (based on the sum of
supporting layers) in both the simulation and the analytical models. The
porosity of the mesh is measured based on areal density and thickness as
approximately 71%. Silicone and polyester sheets are used to define the cell
aperture and finally acrylic caps are used to sandwich all the layers and provide
support. The active volume of the cell is defined by the PDMS and polyester
layers. PDMS gasket thickness is 0.259 mm, and the polyester sheet thickness
is 0.024 mm. Acrylic caps are used to sandwich different layers of the cell and
provide robust construction. A laser cutter was used to pattern different layers
of the cell.
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Figure 2-19: Photograph of component layers

2.5.3 Analytical solution
The comprehensive derivation of the analytical solution is presented here.

0 _ o.isg s = _pdC, wdc i
ot B ] Ource/ = 2 d)m dx 2F¢m8elec

Boundary conditions:
1. At the inlet (cell center), the concentration is fixed to the feed
concentration (BC 1)

BC. 1 Atx=0,C=Cy

2. At the outlets, the gradient of the concentration is zero (BC. 2)

BC.2 Mx—+£%—0

3. At the surfaces between the regions, representing the electrodes, the
difference between the fluxes on either side of the electrode is equal to the
total strength of the source/sink (BC. 3) (i.e., current over Faraday’s
constant).
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i
20, F

BC.3 Atx =xs, Jow - Jin =

4. The concentration is continuous across the electrodes (between the two
regions) (Continuity equation) (BC. 4).

BC. 4 Atx=4s, C'=C

The ODE
ay”" +by' +cy=0

where a, b, c are constants (with a # 0) always has a solution of the following
form:

y = eM

where A is a constant (which may be real or complex), to be determined. Making
this substitution in the ODE, it is found that A must satisty the auxiliary equation
ar> +bA+c=0

The real solution for this equation is:
y = AeM* + Bel2*

At sink/source =0

u —b +Vb?% — 4ac
D/lz_a}\: 0_) }\1’2: za

From the equation,c = 0

The concentration profile would be:
C = AeM* + Bele*

By substituting A;and 2A,, the concentration profile would be:

x
C =A+ Be®D
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Now we need to apply the boundary conditions to the concentration profile:
Domain 1:
Applying the BC 1:
atx =0,C =C,
Co=A+B->A=C(C,—B *
Applying the BC 3:
at x = X5, Jout = Jin = Ssink

D(C,—C D(C,—C
[ (G, 1)+uCO] _[ (C, 1)+ucol = S
l out l in

D(C2—Cy) D(C;—Cq) i
—+uC] —[—+uC] =L ok
[ 0 out l 0 in 20F

The advection term cancels out due to the continuity boundary condition, leaving
us with only the diffusion term.

Applying BC 2:
ac _ U b
dx @D
From BC 4:
atx=xs_,C=A+Be®_DS_:M+Ne¢_DS ek
Domain 2:

u
C =M + NedD”

atz=0,C = CT=M+N

dc u v,
. N_—__o@D
dz @D
t L dac Nu (DuTi 0-N=0
= e e— — ot _) —
“r=oaz " " op®

From **, on the source and sink side, the B would be:
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— ' ] 1 i
Source: —N—— (—DBieeﬁDs) =— >B=—x — = -
@D @D 2QF 20F DMAzeh2s 2 Fue®D
u u 2 i i 1 —i
Sink: N——DB—eoD° =— > B = — % —
@D @D 20F 20Fdx  DAyer2s ZFueg—g
Constant A would be calculated from *:
Source: A=Cy — ;ﬂ sink: A=C, + ;ﬂ
2Fue$D 2Fue®D
From™***:;
X

Ct=C">M=A+ Be®D

Source M= CO_;E-I_?
2Fue$D
Sink M=C,+ ;ﬁ - j
2Fue®D u
Concentration profile in domain 1:
o
C =A+ Be9D
Concentration profile in domain 2:
cC=M

Ultimately, the concentration profiles for the first and second domains are as
follows:

For the first domain, between the electrodes:

_pe [ M x
1-ebns" ) = Co bt —— 1_e¢>mn>
2Fue®mD

Cx)=Cy % Pe

2FPe=ePm
S

For the second domain, at the outlets:

[ 1 [ 1
C(x:iS):COi D( Pe_]"):C()im(i_l)

From eq (2.4), the ASR can be calculated from the following equation:
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S; =5 T

My = Gy ius M, = Cy + ius
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Outflow Geometry for Electrochemical Separation

3.1Introduction

Managing large volumes of wastewater containing salt and organic
compounds presents a significant environmental challenge, posing threats to
soil, surface water, and groundwater quality. To mitigate these concerns,
governments and organizations have established strict regulations to promote
responsible management and treatment of salty wastewater. Industries like food
processing, leather production, and petroleum manufacturing are now obligated
to adhere to these rules, enhancing their commitment to environmental
protection. Furthermore, addressing heavy metal contamination in subsurface
soils and groundwaters caused by various human activities demands specialized
techniques like chemical precipitation, coagulation, ion exchange, and solvent
extraction, which have been explored in previous chapters. These methods play
a vital role in efficiently separating and eliminating heavy metals from the
environment, ensuring the well-being of ecosystems and human health [156].

The presence of sulfate ions (SO4*") in water and wastewater can have
detrimental effects on water quality, leading to issues like mineralization,
corrosion, scaling, and the generation of corrosive hydrogen sulfide.
Environmental regulations have imposed limits on sulfate concentrations in
wastewater to mitigate these problems. Recently, innovative processes have
been developed to selectively separate ions, both desirable and undesirable,
from wastewater, groundwater, and seawater. Industries often employ these
selective separation techniques to isolate C1~ and SO4* ions, reducing water
pollution. Additionally, the separation of these ions allows for the production
of valuable products such as NaCl and Na>SO4, which can be used in the
manufacturing of substances like HCI, H>SO4, NaOH, and salt crystals, adding
value and sustainability to the industrial processes [156,157].

Approaches like ion exchange, membrane filtrations, chemical participation
and electrodialysis are methods that have specifically been reported to treat
wastewaters containing C1~ and SO4>".
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Among the membrane techniques, nanofiltration has been studied for its
potential to separate monovalent and multivalent ions. In a study by Yan et al,
nanofiltration was used to separate chloride and sulfate. It was reported that an
increase in total salt concentration decreased the rejection of chloride and sulfate,
while higher applied pressure increased rejection [156].

In ion exchange, the selective separation of chloride and sulfate was
investigated by researchers with different anion exchange resins [63,158]. In a
study by Hilal et al, it was reported that the chloride and sulfate separation depend
on salt content in the feed. They also found higher hydrogen atoms in amine
functional group of the resin lead to the higher ratio of the chloride selectivity to
sulfate [158].

Chemical precipitation was also used for the separation of chloride and sulfate
in the presence of precipitation agents like isopropylamine, diisopropylamine, and
ethylamine [65,159]. pH, temperature, and contact time are important factors that
should be considered to get high recovery efficiency [159].

Studies indicated that it is possible to separate chloride and sulfate ions by
incorporating a monovalent selective anion exchange membrane [64,160,161].
Reig et al, reported the implementation of selectrodialysis (SED) and
electrodialysis with bipolar membranes (EDBM). They successfully achieved
purities of more than 90% SO4?~ in the divalent-rich stream and about 90 % C1” in
the monovalent-rich stream [160].

3.1.1 Symmetric selective redox electrodes

As discussed in the previous chapter, the cell applied in this study uses
symmetric, regenerable porous silver electrodes. The operation is similar to that
discussed earlier in 2.1.1 and 2.1.2. However, in this case we are interested in the
selectivity of the electrode’s electrochemical interactions with the multiple anions
in the solution. Mobility of ions also plays an important role in the selectivity of the
separation of the ions. The objective of this study is to understand the effect of
electrode selectivity, ion mobility, and flow geometry on the separation of ions in
electrochemical separation systems. This leads to the development of a novel
method for ionic separation. It holds potential to reduce soil, surface, and ground
water contamination.
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In an electrochemical cell, the separation of C1~ and SO4>~ ions can involve
a complex interplay of four key mechanisms: electrode selectivity, diffusion,
electromigration, and advection. The mechanisms involved in electrochemical
separation share similarities with those used in desalination processes.
However, in desalination processes that use a symmetric electrolyte, it's
possible to work with a single concentration value and eliminate the migration
term, making the calculations simpler. In cases where different ions with
varying mobilities are present, the influence of electromigration cannot be
overlooked. Each ion's distinct mobility plays a crucial role in its behavior
within the electrochemical cell, necessitating a more intricate consideration of

the electromigration term to achieve effective ion separation.

When voltage is applied to a mixture of C1~ and SO+ ions, both ions are
attracted to the positively charged electrode because of their opposite charges.
However, due to differences in their mobility, SO4*~ ions migrate more quickly
in response to the electric field. As the chloride ions move toward the anode,
they lose their charge and form solid silver chloride. On the other hand, SO4>
ions tend to accumulate near the anode but do not participate in electrochemical
reactions. Therefore, they are pushed through the membrane due to advection,
driven by the flow of the solution. This process is illustrated schematically in
Figure 3-1.
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Figure 3-1: Schematic of Ag/AgCl electrochemical separation cell with outflow through electrodes
3.2Experimental procedures

A mixture of NaCl and CaSO4.2H>0 is introduced to the cell at an inlet flowrate
of 40 pl/min. The separation process is performed at a constant voltage magnitude.
The samples are collected at both outlets for ionic chromatography study to
determine the value of the present ions in the samples.

3.2.1 Mixture components

The feed solution for the experiments consists of 50 mM NaCl and 17.5 mM
CaS04.2H>0. Gypsum (CaS04.2H>0) added at 90% of the saturation concentration
to 50 mM NacCl solution. The solubility of CaS0O4.2H>0 depends on NaCl solution
concentration. The solubility of CaSO4 and CaSO4.2H>0 increases with increasing
NaCl concentration in the range of 0 — 2 M. The solubility then declines at higher
concentration of NaCl. At 50 mM NaCl concentration (by extrapolation from
Marshall and Slusher), the solubility of CaS04.2H>0 is 19.3 mM [162,163].
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322 Separation experiment

As is discussed earlier in 2.2.2.4, one of the silver electrodes should be
chlorided before running the experiment. 50 mM NacCl solution is used in the
chloriding process at a constant voltage of 0.9 V. The final amount of the charge
that is placed on the silver membrane is about 4 C.

After charging the electrode, a separation experiment is performed for an
input mixture of 50 mM NaCl and 17.5 mM CaS0O4.2H>O with an inlet flowrate
of 40 ul/min. This flow splits into two equal outlet streams with a flowrate of
20 pl/min. The cell was cycled at a constant voltage magnitude of 0.18 V with
alternating polarity as described in the previous chapter. A multi-channel
contactless conductivity detector (eDAQ ER825 C4D) was used for
conductivity measurement on both outlets. By the depletion of AgCl layer on
the reducing electrode, the cell current will drop. At this point the polarity
should be switched. This happened at 0.3 of the initial current. Four-way valves
alternatively direct the effluent from each electrode to the purified or enriched
streams, depending on the bias of the electrode. A schematic of the cell with
four-way valve is shown in Figure 3-2.

Chloride enriched stream

%

Four-way valve

2

Chloride dilute stream

Figure 3-2: Schematic of the cell with a four-way valve
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323 Ion chromatography

Implementation of ion chromatography in this study provides the
concentration values of the ions present in the effluents. Since the concentration of
ions in the effluents are high for ion chromatography, deionized water is used to
dilute the samples to less than 100 mg/L. Deionized water samples are used as
control samples. Before loading the samples, the ion chromatography columns
should be calibrated by standard solution. The standard solutions are prepared for
Na*, Ca?*, ClI", and SO4>" at 1, 10, 25, 50, 100 ppm. The concentration of the ions
in the samples can be determined by comparing the data obtained for the sample to
the known standard.

3.3Results and Discussion

In the results and discussion section, we will delve into various aspects of our
study. These include the examination of experimental results, analysis of
concentration values obtained through ion chromatography, detailed
characterization of the electrodes, evaluation of charge efficiency, assessment of
energy efficiency, and a comprehensive exploration of the impact of varying
operating conditions.

3.3.1 Basic cell operation

Symmetric, regenerable porous silver electrodes have the potential to separate
chloride ions from other present anions in the solution. The electrodes selectively
pick up chloride ions through electrochemical silver oxidation to insoluble silver
chloride and release chloride ions in a reduction reaction to the solution. The
selectivity of the ions also depends on their mobility.

332 Conductivity and IV

Selectivity of the silver electrodes of the cell leads to the separation of chloride
ions from other present anions in the system. In this case, mobility is an important
parameter that influences this behavior. Ions with slower mobility compared to
chloride, have less chance to be separated from the solution. The mobility of CI™
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and SO+ ions are very close, but selectivity would be different for ions with
lower mobility compared to chloride.

The separation process was started by introducing a mixture of 50 mM NaCl
solution and 17.5 mM CaSOg at an inlet flowrate of 40 pul/min from the center
of a symmetric electrochemical cell at a constant voltage magnitude of 0.18 V.
The inlet stream splits into two equal flowrates of 20 pl/min. During the
separation process, the silver anode combines with CI™ ions from the solution
in an oxidation reaction while the silver cathode releases Cl™ ions through a
reduction reaction. The electrode functions are switched once a reverse polarity
is applied.

Figure 3-3 shows the corresponding change in measured outlet solution
conductivity. The conductivity on the enriched side is about 10 mS/cm while
the conductivity on the dilute side is about 5 mS/cm. Unlike the calculation of
the concentration of NaCl solution from a linear approximation of conductivity
in desalination, the conductivity data of this experiment cannot be converted to
concentration, as the conductivity of CaSO4 cannot be neglected.

— Effluent 1 — Effluent 2

R

10t

Conductivity(mS/cm)
0
=
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Figure 3-3: Changes in outlet solution conductivity for the mixture of 50 mM NaCl and
17.5 mM CaSOq4
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Figure 3-4 shows the current flow through the cell for a voltage of 0.18 V (with
alternating polarity). Each half cycle is about 400 s to 500 s long, and the length of
cycle is set by the drop off in current. The average of the current density magnitude
is about 40 A/m?. Comparing the results of the mixture of the ions with pure NaCl
solution shows that at the same voltage magnitude, the average current density is
lower for the mixture of ions. This is something that needs to be investigated and
addressed in further modeling.
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Figure 3-4: Changes in current and voltage vs time with alternating polarity
333 Concentration measurements

Ion chromatography works based on ion affinity to the ion exchanger in the
column and provides concentration for each ion to indicate how efficient the
electrochemical system is in ion separation. lonic chromatography is applied to
measure the composition of the outlet streams. The concentration of ions in the feed
stream, sulfate enriched effluent, and chloride enriched effluent are shown in Figure
3-5. The amount of CI” decreased by half from the feed stream to the sulfate
enriched effluent, while there is an increase in sulfate concentration in the sulfate
enriched effluent. On the other hand, the amount of Cl™ increased from the feed
stream to the chloride enriched effluent, while there is a decrease in sulfate
concentration. The selectivity of the oxidation electrode leads to removal of the
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chloride ions while the sulfate ions pass by. Chloride and sulfate have similar
mobilities but for ions with lower mobility compared to chloride, electromigration
would be slower.

In summary, Figure 3-5 reveals that, with the exception of sulfate, all other
1ons become concentrated in the chloride-enriched stream and are diluted in the
sulfate-enriched stream.

The change in concentration for present ions in both effluents are given in
Table 3-1. The increases for the anions, from input to enriched streams, of C1~
and SO4>~ ions are 43% and 22%, respectively. The increases for the Na* and
Ca*', from input to enriched stream of Cl™ are 23% and 9%, respectively. Mass
balance is somewhat violated based on these results. The discrepancy might be
due to uneven flowrate of the pumps and/or the limited precision of the ionic
chromatography.
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Figure 3-5: Ionic chromatography results for Na*, Ca?*, Cl-, SO4>~ in input, enriched and
diluted effluents for 50 mM NaCl and 17.5 mM CaSOg4
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Table 3-1: Percentage change in ions in outlet effluents by ionic chromatography

Chloride enriched 71.39 4279 1
ClI-
Sulfate enriched 21.91 56.16 &
Sulfate enriched 21.32 2438 1
SO4*~
Chloride enriched 13.23 21.84 ¥
Chloride enriched 61.57 23.15 1
Na*
Sulfate enriched 40.26 19.46 ¥
Chloride enriched 19.09 9.12 T
Ca*t
Sulfate enriched 12.43 2893 ¥
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334 Characterization of the electrodes

The surface morphology of the electrodes was characterized by scanning
electron microscopy (Zeiss Gemini SEM 500). The SEM images of the silver
electrode illustrate the alterations occurring during the electrochemical reaction.
The electrodes were used in experiments conducted at room temperature and
maintained at a constant voltage of 0.18 V.

Figure 3-6 is an SEM image of the pristine silver. Figure 3-7 shows the changes
of the reduced electrode, demonstrating the aggregation of Ag particles as they
undergo conversion to AgCl. The change in oxidizing electrode is also shown in
Figure 3-8.

1um EMT= 200KV Signat A= InLens Date :26 Jen 2023 W

WD = 3.4 mm Mag= 500KX Time :14:02:05

Figure 3-6: SEM image of pristine silver

1 pm EMT= 3.00kV Signal A= InLens Date :26 Jan 2023
WD= 3.4mm Mag= 5.00KX Time :13:51:44

Figure 3-7: SEM image of silver electrode, showing the changes in the morphology of the
electrode due to a reduction reaction and formation of AgCI.
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WD = 3.4 mm Mag= 10.00KX Time :14:08:37

Figure 3-8: SEM image of silver electrode, showing the changes in the morphology of the
electrode due to an oxidation reaction.

335 Charge efficiency

The charge efficiency of this system is calculated separately for different ions.
The value for each anion is shown in Table 3-2. Here charge efficiency is defined
using eq. 3-1, and the concentration measurements from ionic chromatography. 4C
is the difference between the feed and the final concentrations of the outlets. The
charge efficiency of CI™ in the mixture is 19.89% and this is similar to its value in
pure NaCl.

uACF
y="2 G.1)

Table 3-2: Charge efficiency of the present anions in the separation

CI- 19.89%

SO4* 3.25%
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3.3.6 Energy efficiency

Energy per ion of the separation experiment is calculated using eq. 3-2, and
the concentration measurements from ionic chromatography for the ions
present in the mixture. The results are shown in Table 3-3.

CellPower Vi _ VF (3.2)

Ener erion =—— = =
gy p Separation rate ulAcC n

Table 3-3: Energy efficiency of the present anions in the separation

CI- 88.935

SO4* 535.511

3.3.7 Effect of operating condition

According to the model, as velocity increases, the initial energy required for ion
separation decreases. This reduction occurs because at very low velocities,
diffusion is the dominant factor. However, as velocity increases further, the
presence of advection becomes more significant and overcomes diffusion, resulting
in decreased energy requirements for ion separation. Subsequently, the energy
needed for ion separation increases again, mainly because the role of advection
becomes more crucial, potentially demanding additional energy to maintain a same
level of separation . So, at higher velocities, the system's throughput increases, but
it comes at the cost of higher energy consumption. In other words, the velocity
influences the balance between diffusion and advection, and the optimal velocity
for ion separation depends on achieving the desired separation efficiency. Also,
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increasing the advection velocity at a constant current reduces ohmic resistance by
enhancing mass transport and promoting faster reaction rates. This reduction is
attributed to more effective ion movement between the electrodes, alleviating
concentration polarization and decreasing overall resistance. Nevertheless,
resistance does not continuously decrease, as the rates of reactant delivery and
consumption reach a balance, leading to a steady state resistance where further
increases in advection velocity result in a decreasing influence on resistance
reduction.

Electric fields can be adjusted to selectively separate specific ions of interest.
By controlling the electric field, we can optimize the separation process to achieve
higher selectivity for particular ions. The electric field's effect on chloride ions is
generally less than on sulfate ions due to sulfate’s mobility. Sulfate ions have higher
mobility compared to chloride ions. This means that, under the same conditions,
sulfate ions will migrate more quickly in response to the electric field.

When an electric field is applied across the cell, both Cl1”and SO+~ are drawn
toward the positively charged electrode (anode) due to their negative charges.
Chloride ions migrate towards the anode, where they combine with silver and form
into AgCl. On the other hand, sulfate ions, which move at a faster pace, tend to
accumulate near the anode. Eventually, they are driven through the membrane as
there are no electrochemical reactions for them to participate in.

At a constant voltage, lower velocity allows the ions sufficient time to engage
in electrochemical processes resulting in more effective separation While at higher
velocity the separation is getting worse due to lack of time for the ions to undergo
the electrochemical reactions.

At a consistent velocity, an increase in voltage intensifies the attraction for CI1™
ions, drawing more of them into the electrochemical reaction. Consequently, this
increased electrochemical activity leads to better separation of C1~ and SO4?".

3.4Conclusion

The reduction of saline water discharge is a critical concern to prevent harm to
soil, groundwater, and the environment. In this study, a selective electrochemical
deionization cell with an outflow geometry was used to separate Cl1~ and SO4>~ ions.
By adjusting electric fields and controlling velocity, specific ions can be selectively
separated. SO4>~ ions are more responsive to electric fields than C1~ ions due to
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their higher mobility. So, they can migrate towards the anode faster. Indeed, a
stronger electric field and lower velocity can lead to better ion separation. A higher
electric field enhances the attraction for chloride ions, creating a more effective
"sink" for them, while lower velocity provides the ions with sufficient time to
engage in the electrochemical separation processes. This combination of factors
can significantly improve the efficiency of the separation.
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Chapter 4
Outflow Geometry for Power Generation

4.1Introduction

The need for clean, renewable energy is more critical than ever to combat
pollution, reduce carbon emissions, and move away from fossil fuels. While solar,
wind, and geothermal power are well-known clean energy sources, there's growing
interest in something new: “salinity energy” or “blue energy”. This idea harnesses
the energy from the contrast between salty seawater and freshwater, providing a
potential power source. When river water meets the sea, a mixing process happens,
and we can use this to turn heat into electricity. Theoretical non-expansion work
produced by mixing concentrated saltwater and dilute river water at a constant
pressure and temperature to create a brackish solution is determined by the Gibbs
energy of mixing [73].

This energy can come from natural processes like when river water mixes with
seawater, or it can be generated by combining desalination brine with low-salinity
wastewater [86,164].

We have different ways to harness the blue energy, including methods like
pressure retarded osmosis, reverse electrodialysis, capacitive mixing and battery
mixing which they are already discussed in 1.3.2. In all blue energy technologies,
understanding and optimizing the Gibbs free energy of mixing is essential for
improving the efficiency of the processes and maximizing the electrical power
output.

What's unique about blue energy is that it's the opposite of desalination as it
was comprehensively studied in 2, where we use energy to extract freshwater from
seawater. It's incredibly eco-friendly, with no harm to the environment and no
added heat or harmful substances. As the world gets better at capturing this energy,
it could become an ideal source for a greener and more sustainable future.
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4.2Methods

The cell consists of porous silver electrodes that absorb or emit negative
chlorine ions. Freshwater and saltwater will be introduced as two separate inlets.
When these two streams with different salt concentrations mix together, the Gibbs
free energy of mixing can be converted to electrical energy. The Gibbs free
energy of mixing per mole for the system can be calculated from eq. (4.1):

_AGmix = Gtotal - (¢fresthre + cpsalthalt) (4‘1)

@Prres and @gq; are the ratios of the total moles of freshwater and saltwater,
respectively, to the total moles in the system (¢fresn + Psair = 1). Giresh and
Gsalt are the initial Gibbs free energy for freshwater and saltwater and Giotar 1S
the Gibbs free energy for the final mixture. The equation essentially states that
the Gibbs free energy change for the mixture is equal to the difference between
the total Gibbs free energy of the system and the sum of the Gibbs free energies
of the individual components (freshwater and saltwater) weighted by their
volume fractions [82,86].

4.2.1 Governing equation

An analytical solution is employed to analyze the power generation process.
The mass conservation equation is utilized to solve for a symmetric binary
electrolyte, and the expression for it is provided in the eq. (4.2)

C_ i i = _p € wdc 4.2)
ot = V) +Source/=Sink = =D ot o T 2, b

To solve eq. (4.2), we partition the solution domain into two segments. The
first segment spans from the flow inlets to the source/sink, while the second

79



segment covers the region from the source/sink to the center of the cell. We apply
the boundary conditions outlined in the following section to solve the eq. (4.2.

4.2.2 Boundary conditions

Four boundary conditions (BC) are used to solve eq. (4.2) simultaneously for
both regions (Figure 4-1). At the center of the cell (outlet), the concentration is held
constant and equals the average of the feed concentrations (BC. 1). At the
electrodes, the concentration remains fixed and matches the inlet concentrations
(Crow# Chign) (BC. 2). Along the surfaces representing the electrodes, the difference
between the fluxes on either side of the electrode is equal to the total strength of the
source/sink (BC. 3), which is essentially the current over Faraday's constant. Lastly,
there is continuity in concentration across the electrodes, ensuring a smooth
transition between the two regions (BC. 4).

BC. 1 Atx =0, C=Cu

BC.2 Atx = £L,C = Cipw& Cpigh
BC. 3 ALx =5, Jou - Jin = e
BC. 4 Atx=ts, C'=C
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Figure 4-1 Schematic of model domains and boundary conditions in power generation

423 Model for potential in the system

As it was already stated in 2.2.1.1 the activation and AgCl layer resistance
are insignificant. Consequently, the total potential across the cell, denoted as V,
is expressed in relation to the local equilibrium electrode potential, Ecel, and the
solution resistance loss, denoted as i*4SR as demonstrated in eq (4.3). The
current is flowing in the opposite direction. The situation in this case has
similarities to the transients which occur during switching of the polarity for
desalination at constant voltage magnitude, which lead to a high current at low
voltage. E¢q and i*ASR have different signs. E.g., the current would be negative
while E¢q would be positive. Power generated by the flow of current between
the electrodes at different concentrations is partly dissipated by the solution
loss.

V = E_cell —i*ASR (4.3)

The equilibrium electrode potential depends on the logarithm of the ratio of
the concentrations, as illustrated in eq. (4.4) and solution resistance follows
Ohm's law. The cell potential is therefore calculated using eq. (4.3), where ASR
(Q cm?) represents the cell resistance normalized by its area and can be achieved
by eq. (4.5).
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[ClReal (4.4)
[Clox]

Ecen = n

1SR — f dx (4.5)

4.3Results and discussion

4.3.1 Steady state behavior from analytical model

A steady-state analysis can indeed provide valuable insights into the
performance of a system. Egs.(4.6) and (4.7) detail the concentration profile as a
function of position from the center to the electrodes, whereas eq. (4.8) and (4.9)
depict the uniform concentration from the electrodes to the inlets.

Concentration between the electrodes:

i u(l-s) (e¢mD — 1)

C(x)=Cy+ Chigh — Cu +ﬁ(e $mD — 1) (4.6)
i u(l-s) e¢mD -1

C(x) = CM+[CZOW CM+ﬁ(1—e¢mD) Q 4.7)

mD — 1

Concentration at the electrodes:
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us .
em(chigh - CM) - ﬁ(em -1) ux ul

* (em — em) (4.8)

C = Chigh +

us

_us_ i _us_
ePnD (Cigy = Cu) + g (P70 = 1)

us

C :ClOW+

us ul

e(bm_D(em -1

_ux_ _ul
* <e¢mD — e¢mD> (4.9)

The cell voltage, as defined in eq.(4.3), can be calculated solely based on
the concentration profile given in egs. (4.6) and (4.7) and the operational current
of the cell. The solution resistance is the predominant component as it was
already discussed in 2.2.1.1. By combining eqgs. (4.5), (4.6) and (4.7), we derive
an expression for the steady-state total cell area-specific resistance as follows:

U3 S UzS;
Dl 1 CyedmD 1 A, + B,e%mD
ASR == In—2 < In—2t—2- (4.10)
A Alul Uzoq zuz M
Al + Ble¢mD CMe¢mD
u1 = —-Uu u2 =Uu
Sl =S SZ = —S
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432 Impact of velocity on concentration profile

According to the concentration profiles provided in egs. (4.6) and (4.7), the
concentration values are influenced by the velocity. When the current remains
constant and the flow rate increases, the disparity in concentration between the
electrodes widens. This increased difference in concentration results in elevated
resistance between the electrodes and a higher equilibrium potential. Consequently,
the total voltage of the cell rises as a result.

The concentration variations with respect to distance are depicted in Figure 4-2.
The current remains nearly constant at approximately 0.011 A, while the velocity
spans a range from 3.33 to 8.33, 16.67, and 166.67 um/s. At 166.67 um/s, the
advection term exerts a substantial influence, resulting in minimal changes in the

inlet concentrations. Conversely, at 3.33 um/s, the role of diffusion becomes more
pronounced, leading to more noticeable concentration changes.
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Figure 4-2: Effect of different velocities on concentration profile

Figure 4-3 provides a detailed examination of the alterations in the
concentrations of the inlet solutions and illustrates how advection and diffusion can
impact the concentration of CI™ at the electrode surfaces. The dashed lines in the
figure indicate the positions of the electrodes.
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Figure 4-3: Closer look on the changes in concentration profile due to variation in velocity up to
the steady state condition

433 Effect of current on concentration profile

Current is another significant factor that influences the concentration values
within the concentration profile. When the velocity remains constant, an increase
in current leads to a convergence of concentrations at the surface of the electrodes.
This convergence narrows the gap in concentration, thereby lowering the
equilibrium potential. Simultaneously, the resistance between the electrodes
decreases as the concentrations become more similar, resulting in a reduction in the
total voltage.

Figure 4-4, displays the alterations in concentration vs distance. This data is
provided for a velocity of 33.33 um/s and for a range of current values spanning
from 0 to 0.009 A. When the current is zero, there is no apparent change in the
concentration at the electrode. However, at higher current values, the electrodes
function as a sink/source of chloride ions. The presence of the sink and source
causes a reduction in the AC between the electrodes, which subsequently leads to a
decrease in the overall resistance between the electrodes.
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Figure 4-4: Impact of varied current levels on concentration profile

4.3.4 Cell IV curve

IV curves offer valuable insights into the efficiency, performance, and
optimization of a system. By analyzing IV curves, we can assess the
relationship between electrical current and voltage, helping to pinpoint the
optimal operating conditions for maximum power output.

In Figure 4-5-a, the IV curves are presented, illustrating a broad range of
velocities, spanning from 1.67 pm/s to 166.67 um/s. When maintaining a
constant velocity, an increase in current has the effect of bringing the
concentrations of the electrodes at the surface closer together, thereby
decreasing the equilibrium potential. Simultaneously, the resistance between
the electrodes decreases as the concentrations become more similar, resulting
in a reduction in the total voltage.

At a constant current, as the velocity increases, we observe an initial
increase in voltage followed by a subsequent decline. When the current remains
constant and the velocity rate increases, there is a widening difference in
concentration between the electrodes, which leads to an increase in resistance
between them and an elevated equilibrium potential. Consequently, this results
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in an overall increase in the total voltage of the cell. This effect is visually
represented in Figure 4-5-b.

In this system, the electrodes don't function as ideal voltage sources that can
always maintain a consistent voltage. They require a chloride ion for every electron
to facilitate the electrochemical reaction. At sufficiently high velocities, the
concentration at the electrode surfaces closely match the inlet concentration.
Consequently, the voltage between the electrodes becomes fixed. Therefore, as the
velocity increases beyond a certain point, it no longer leads to a rise in voltage, and
the open circuit voltage (OCV) stabilizes at an almost constant value. This behavior
is clearly depicted in Figure 4-5-c and Figure 4-7. Nevertheless, this phenomenon
does impact the resistance of the system since 4C varies with different velocities.
At higher velocities, 4C is more significant, resulting in elevated resistance. This,
in turn, causes a reduction in current, as visually represented in Figure 4-5-c and
Figure 4-7.
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Figure 4-5: a.) Correlation between cell current and voltage as a function of velocity b.) Increase
in cell current with velocity up to 33.33 zm/s c.) Reduction in cell current with velocities greater
than 33.33 4m/s

Figure 4-6 depicts the relationship between resistance and current,
illustrating the change in resistance with respect to current up to the point where
the voltage reaches a negative value. The dashed line represents the specific
current, with concentration profiles displayed on the right.
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Figure 4-6: Relationship between resistance and current, demonstrating resistance changes with
respect to current up to negative voltage. The dashed line represents an arbitrary current, with
corresponding concentration profile shown on the right.

IV curves provide essential information for calculating the OCV and the short-
circuit current. These parameters are fundamental for assessing the performance
and behavior of electrical devices and systems. The OCV and short-circuit current
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are determined by analyzing the IV curve and are visually represented in Figure
4-7.
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Figure 4-7: Variation of short-circuit current and OCV with respect to velocities.

43.5 Cell power

The power that could be generated from natural salinity gradients can be
harnessed through the Gibbs energy of mixing. The free energy of mixing
represents the maximum amount of energy available for performing useful work in
areversible thermodynamic process, without accounting for thermodynamic losses.

The Gibbs energy of a mixture, denoted as M, in a binary system containing
species A and B of a strong electrolyte solution is the difference in Gibbs free
energy between the final mixture (Gwmix) and initial solutions A and B (4.1).

The total molar Gibbs free energy of the solution, labeled as G, is an expression
of the system's thermodynamic potential and can be determined using eq. (4.11)

G :inGi-l_Rszi lnyixl- (411)

90



Giis the molar Gibbs energy of pure species i at temperature 7 and pressure
P. R is the gas constant and x; is the mole fraction of species i in the solution.
yi is the activity coefficient, representing how the behavior of the solution
deviates from an ideal solution.

By substituting eq. (4.11) into equation (4.1) the Gibbs energy of mixing is
reduced to the eq. (4.12):

—AGpix = RT {[Z x; In(y; xi)]M = Prresn [Z % Iy xi)]fresh

— Psai [z x; In(y; Xi)]salt}

(4.12)

For low salt concentrations, the value of the salt activity in logarithmic
terms is negligible compared to the mole fraction of salt. Therefore, the effects
of activity coefficients are neglected, and eq. (4.12) can be simplified to eq.
(4.13) where v is the number of ions into which each electrolyte molecule
dissociates.

Cy
_AGmix = vRT ?ln CM
4.13
(1-¢) (*.13)

- Cfresh In Cfresh - T Csalt In Csalt

Figure 4-8-a provides predictions for cell power generation as a function of
current at various velocities. Maintaining a fixed electrode spacing and e, the
figure illustrates that power progressively escalates with increasing velocity,
reaching a peak at 33.33 um/s (Figure 4-8:-b). However, beyond this threshold,
power output starts to diminish. This decline in power is due to a reduction in
current, as previously explained in 4.3.4, impacting the power, which is a
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product of voltage and current. This trend is visually represented in Figure 4-8-c.
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Figure 4-8: a.) Power generation predictions vs. current at different velocities b.) Increase in
power generation with velocity up to 33.33 #m/s c¢.) Reduction in power generation with velocities
greater than 33.33 xm/s
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4.3.6 Effect of different initial concentration difference

The power obtainable from the cell significantly relies on the concentrations
of the inlet solutions. A greater disparity between the inlet concentrations leads
to higher power output, primarily due to the increased driving force available
for electrical energy conversion. Conversely, as the difference between the inlet
concentrations decreases, the power output diminishes. Figure 4-9 provides a
visual representation of this relationship.
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Figure 4-9: Effect of different initial concentration difference on power

4.3.7 Effect of electrodes spacing on maximum power for
different velocities

The power that can be extracted from the cell is strongly dependent on the
electrodes spacing. When the distance between the electrodes is decreased, the
reduced inter-electrode distance results in lower resistance between them,
yielding a lower voltage at a constant current. This adjustment allows the cell
to operate at higher currents, leading to an increase in power generation. This
behavior is visually illustrated in Figure 4-10. Specifically, at an electrode
spacing of 100 um, the cell is capable of generating a maximum power of
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approximately 11.6 W/m?, representing a notable increase compared to the cells
with electrode spacings of 200 and 300 um.
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Figure 4-10: Effect of electrode spacing on maximum power for different velocities.

43.8 Comparison of the system energy efficiency vs
thermodynamic energy for mixing

The thermodynamic energy of mixing is calculated using eq. (4.13) for a
mixture with a concentration of 300 mM and inlet concentrations of 1 and 590 mM,
with a water recovery of 0.5. In Figure 4-11, orange circle symbols represent the
thermodynamic minimum energy, expressed as the energy released per unit area of
the electrodes, as a function of the velocity of the inlet solutions. Additionally,
orange triangle symbols illustrate the maximum power generated by the cell as a
function of the velocity of the inlet solutions. The blue curve represents the cell's
efficiency, with its peak efficiency occurring at a velocity of 12.5 um/s.
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Figure 4-11: Comparison of the system energy vs thermodynamic energy of mixing

439 Comparison of power density to other blue energy
approaches

Power density is a crucial factor for comparing blue energy technologies.
Pressure retarded osmosis and reverse electrodialysis are indeed two
environmentally friendly methods for generating power. The power density can
vary depending on various factors, including the salinity gradient, the properties of
the membranes and materials used, and the specific design of the systems.

Careful selection of operating parameters, a seawater-river water reverse
electrodialysis system can potentially achieve a maximum gross power density of
3.5 W/m?. This level of performance is attainable when employing low-resistance
ion exchange membranes (0.5 Q cm?) and maintaining very small spacing intervals
(50 um) [165]. A study by Vermaas et al report on RED suggests that achieving a
net power density of approximately 20 W/m2 is feasible when the membrane
resistance is decreased to 0.1 Q cm? coupled with a cell length of Imm. It's
important to note that a design with such a small cell length has not been tested and
obtaining a membrane resistance as low as 0.1 Q cm? is yet to be achieved.
Nevertheless, this research highlights the effectiveness of the strategy to
simultaneously reduce both the cell length and membrane resistance in enhancing
the net power density in reverse electrodialysis [106].
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In the case of pressure retarded osmosis, the maximum power densities were
documented at 2.7 W/m? for 35 g/LL NaCl draw solutions and 5.1 W/m? for 60 g/L
NaCl draw solutions when operating at a hydraulic pressure of 970 kPa [84].
Fouling is a significant problem in PRO as it leads to reduced productivity by
causing flux decline and a shorter lifespan for the membrane [166].

The power density of the electrochemical cell in this study, with inlet solutions
of 0.58 g/L for river water and 34.45 g/L for salty water, an electrode spacing of
100 pm, and an inlet velocity of 83 um/s is approximately 12 W/m?. Unlike PRO,
which faces issues like fouling, or RED with membrane resistance problems, this
cell operates without a membrane. Nevertheless, it introduces a unique challenge
related to the flow of the feed solution within the electrode plane before passing
through the electrodes. This challenge imposes restrictions on the feasible width for
a single electrode. To scale up the system for larger applications, ensuring the even
distribution of the feed solution throughout the electrodes becomes essential.

4.4Conclusion

In this study, we've introduced a novel electrochemical cell that harnesses
unique outflow geometry to create power from salinity gradients. We have
examined this system using steady-state analytical models. Our focus has been on
optimizing the overall power generation performance by fine-tuning various
parameters, including inlet velocities, imposed current, inlet concentrations and
electrode spacing. In our research, we evaluated key metrics such as power density
and efficiency, which are crucial for comparing our blue energy technology with
others in the field.

Increasing the difference in inlet concentrations, reducing electrode spacing,
and applying higher current can enhance the power generation performance. The
velocity also plays a vital role in the cell's performance. As the velocity increases,
so does the cell's power density. However, beyond a certain velocity, there is a
decline in power density. This decrease signals a high resistance between the
electrodes, which requires a higher voltage to overcome.

The unique outflow geometry of the cell provides a continuous supply of
electrolyte to the electrodes, offering two distinct advantages. Firstly, it lowers the
solution resistance in areas with substantial depletion, and secondly, it diminishes
the equilibrium potential of the electrodes by mitigating concentration polarization.
These effects exert a substantial impact on the cell's throughput, enabling it to
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operate at higher superficial velocities in comparison to competing technologies
such as PRO and RED.
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4.5 Appendix

4.5.1 Analytical solution
The comprehensive derivation of the analytical solution is presented here.

oc
Jt

d’C u dC i

= -V-J+S —Sink = =D — —_—
J + Source/—Sin T2 + b dx + T
Boundary conditions:

5. At the inlet (cell center), the concentration is fixed to the feed
concentration (BC 1)

BC. 1 Atx=0,C=Cy
6. At the outlets, the gradient of the concentration is zero (BC. 2)
BC. 2 Atx = £L,C = Ciopy & Cpign

7. At the surfaces between the regions, representing the electrodes, the
difference between the fluxes on either side of the electrode is equal to the
total strength of the source/sink (BC. 3) (i.e., current over Faraday’s
constant).

i

BC.3 Atx =%x5s, Jow - Jin =
20 F

8. The concentration is continuous across the electrodes (between the two
regions) (Continuity equation) (BC. 4).

BC. 4 Atx=4s, C'=C

The ODE

ay”" +by'+cy=0
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where a, b, ¢ are constants (with a # 0) always has a solution of the following
form:

y = et

where A is a constant (which may be real or complex), to be determined. Making
this substitution in the ODE, it is found that A must satisfy the auxiliary equation
ar> +bA+c=0

The real solution for this equation is:
y = AeM* + Bele*

At sink/source =0

Uu —b +Vb? — 4ac
D/12—67\= O_) ALZ: Za

From the equation,c = 0

The concentration profile would be:
C = AeM* 4 Bet2*

By substituting A;and A,, the concentration profile would be:

Moy
C = A+ BePD

Now we need to apply the boundary conditions to the concentration profile:
Domain 1:
Applying the BC 1:

atx =0,C =Cy

99



Cy=A+B->A= Cy—B
Applying the BC 3 and BC 4:
at x = Xg, Jout — Jin = Ssink
D(C,—C D(C,—C
[ (C; 1)+uCO] _[ (C, 1)+UCol = S
l out l in

D(C=C1) D(C,=C1) _ i
[ l + UCO]Out - [ l + Col , —_ W

The advection term cancels out due to the continuity boundary condition, leaving
us with only the diffusion term.

: NE LB mSy = b
Source: D( N®D+B®De®D) OF
I U _pw o aps) b
Sink: D(N(Z)D B@Dew)_zw
From BC 2:

Ciow = M + Ne?2!
From BC 4:

atx =5s,Ct =C~ > A+ Be?S = M + Nel2s

Calculation of the constants:
Source side
i
ADe™S (Crow — Cup) + Z(TF(eﬂs - 1)

N =
ADe’s(erl — 1)

ADe? (Cypyy — Cy) + 2¢+F (e’ —1)

M:Clow_N*eM:Clow_[ ADeAS(e'”—l) M]

* e
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M+ Nxe* —Cy  Ciow— Cyy — N * (eM—e?)
B = A’ ==
ets — 1 ets — 1
[
ADe?S(Crpy — Cuyp) + 2(TF(eM -1)
ADe?s(eM — 1)
ets — 1
i
ADe?s (Cioy — Cy) + 2(TF(eM -1)

ADe?s (el — 1)
ets — 1 ]

Clow - CM _[

] * (ell_e/'lS)

Clow-cy-1 * (et —e?)

Sink side

i
—ADe* (Cpign — Cu) + 2(TF(eﬂS -1)

N =
—ADe?s(eM — 1)

i
ADe? (Cpign — Cu) + Z(TF(eﬂS - 1)

_ Al _ Al
M = Cpigh — N * e = Cpign — ADe?s (e — 1) "e
Chigh—cy-N * (e/u—e'ls)
B= ets —1
i
ADe? (Cpign — Cu) + Z(TF(eﬂS -n
Chigh—CM— ADe’lS(e’u —1) * (e —e™)
- ets — 1
i
ADe? (Chign — Cu) + ZQTF(eﬂs -1) A
Chigh—CM— ADe’lS(e’” _ 1) * (e —e S)
B ets —1
Concentration between the electrodes:
u
u(l-s) (e(p_Dx —-1)
CC) = Cu + | Cpign = Cu + 57 (e PP = —5——

e?D —1
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u
i u(l=s) 1 (e¥D” — 1)
CO) = Cu + [Clow = Cu +5— (1 —e 90 )| ————

ul
eD —1

Concentration at the electrodes:

[ us i us
e9P(Cpign — Cy) — > (9P = 1) w ol

C = Chign + * (e@D — e¥D)

us - ul
e?P(evP —1)

[ us i us
e (Cpy — Cy) +5—=(e?P — 1 ux l
( low M) 2uF ( ) . (e(p_D _ e(;)l_D>

C = ClOW +

us - ul
e¢P(e¥D —1)

From eq (4.5), the ASR can be calculated from the following equation:

U181 UzSy
D| 1 Cye P 1 A, + Bye ¥D
ASR =— n 5 5
A Alul U151 SUy U252
A; + Bje #P Cye P
u1 = —-Uu u2 =Uu
Sl =S Sz = —S
i 1 i 1
(Criow = Cu) + 57 (1 — =) ~(Cnign = Cu) + 577 (1 = =)
e(pD e(pD
Ny = L N, = o
(9P — 1) —(e#P — 1)
ul ul
M; = Cioy — Ny * €#P M; = Cpign — N, * 9P
ul  us ul - us
Ciow = Cy—Ny * (e?P—e®P) Chign = Cy — Ny * (e?P —e D)
1= us, B, = us’
e¢b —1 e¥D —1
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

The pressing issues of clean power generation and global water scarcity have
become inextricably linked challenges in our increasingly complex world. There is
an urgent need for innovative, sustainable energy sources that can meet our growing
needs while safeguarding the environment from the adverse impacts of traditional
energy generation methods. Electrochemical approaches are proving to be powerful
tools in addressing environmental concerns, particularly in the domains of
desalination, wastewater treatment, and power generation.

The electrochemical cell investigated in this study emerges as a promising
solution, spanning three critical domains: desalination, separation processes, and
power generation. This cell's core functionality relies on the utilization of
regenerable porous silver electrodes, which can selectively attract chloride ions
through an electrochemical reaction involving silver and chloride. The use of
symmetric silver/silver chloride porous electrodes alternately captures CI™ ions.
Here, the silver anode undergoes oxidation and reacts with Cl™ ions from the
solution to produce insoluble AgCl, while the silver cathode releases Cl™ ions. What
sets this system apart is its novel geometry, allowing the inlet flow to extend
outward through the porous electrodes. This innovative feature significantly
reduces energy consumption by mitigating concentration polarization through
advection, a primary contributor to energy loss in electrochemical processes.

In desalination, we employed analytical, simulation, and experimental methods
to assess desalination performance based on separation degree, throughput, charge
efficiency, and energy usage. The novel outflow geometry using advection along
the ion motion path significantly reduces electrolyte depletion compared to
conventional electrochemical deionization methods. This reduction has profound
effects on system kinetics and energy consumption. Advection minimizes
concentration polarization at the electrodes and lowers electrolyte resistance due to
depletion, reducing energy loss at a given flow rate or allowing higher flow rates
for a given energy consumption or cell voltage drop. The approach enables
superficial membrane velocities over 20 times higher than reverse osmosis (e.g.,
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>100 pm/s for the outflow cell compared to ~5 um/s for RO), making it a compact
and practical choice for efficient desalination, particularly in mobile applications.

In the case of electrochemical separation and to address concerns regarding
saline water discharge, this study employed a selective -electrochemical
deionization cell with an outflow geometry to separate CI~ and SO4> ions. By
controlling electric fields and velocity, the cell can selectively separate ions, with
CI" ions responding more quickly due to their higher mobility. A stronger electric
field and lower velocity enhance ion separation. The higher electric field attracts
chloride ions effectively, while lower velocity allows ions to engage in
electrochemical separation processes. Together, these factors substantially improve
the separation efficiency, addressing environmental concerns related to saline water
discharge.

Lastly, in power generation this study presents an innovative electrochemical
cell that utilizes a unique outflow geometry for power generation from salinity
gradients. The research involved analyzing the system through steady-state
analytical models, focusing on optimizing power generation performance by
adjusting parameters like inlet velocities, imposed current, inlet concentrations, and
electrode spacing. Enhancing power generation involves increasing the difference
in inlet concentrations, reducing electrode spacing, and applying higher current.
The velocity also influences performance, with higher velocity leading to increased
power density, although there's a decline beyond a certain point due to higher
electrode resistance requiring a greater voltage.

The novel outflow geometry of the cell offers continuous electrolyte supply to
the electrodes, reducing solution resistance in depleted areas and mitigating
concentration polarization. This design enables the cell to operate at higher
superficial velocities compared to technologies like PRO and RED, making it a
promising solution for harnessing salinity gradient power.

In conclusion, this innovative electrochemical cell presents a multifaceted
solution that aligns with the critical need for sustainable energy sources and
efficient environmental management.

5.2 Future Work

Future work related to the new outflow geometry of electrochemical cells can
be organized into three distinct sections, each with a specific focus on applications
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and areas of improvement. These three sections encompass desalination,
electrochemical separation, and power generation.

5.2.1 Desalination

The continued pursuit of optimization and innovation within the domain of
desalination techniques remains a fundamental endeavor, particularly considering
the escalating global demand for freshwater resources.

Future advancements in desalination using outflow electrochemical cells
should center on optimization strategies aimed at enhancing the process's overall
efficiency, throughput, and sustainability. This involves conducting further
research to refine key parameters, including porosity, pore size, the distance
between electrodes, and the active area within the desalination system. Moreover,
investigating alternative materials like carbon electrodes integrated into the outflow
geometry holds the promise of substantial enhancements in desalination
effectiveness.

A study by Macias-Garcia et al indicates that lower electrode porosity
enhances electrical conductivity and reduces circuit resistance [167]. Conversely,
higher electrode porosity creates more electrochemical reaction sites, reducing
polarization but resulting in lower electrical conductivity [168,169]. So, the need
for lower porosity conditions to minimize both circuit resistance and polarization
presents a challenge in enhancing the electrochemical oxidation performance
through electrode porosity adjustments. Further research is needed to determine the
ideal porosity level that balances these factors for improved desalination
performance.

A smaller pore size allows for a higher rate of charge transfer and faster ion
transportation through the membrane [170]. However, increasing the pore size of
the membrane can be an effective solution to reduce the common problem of
clogging in desalination processes. Therefore, it is essential to study and determine
the optimal pore size of the membrane for efficient desalination.

The spacing between electrodes plays a crucial role in the efficiency of an
electrochemical cell. When the electrode spacing increases, it also increases the
system's resistance, leading to decreased energy efficiency [171,172]. On the other
hand, a wider spacing allows more time for ions to participate in the
electrochemical reaction instead of simply passing through the membrane due to
advection flow. This creates a trade-off between the level of desalination achieved
and the energy efficiency of the process. Depending on the specific application of
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the desalination plant, the electrode spacing can be optimized to achieve the right
balance between these factors.

The outflow geometry approach is versatile and can be applied to any porous
electrode chemistry. This means it's suitable for desalination batteries with
nanoporous carbon electrodes, Faradaic electrodes, or hybrid cells that combine a
nanoporous carbon electrode with a Faradaic electrode. The exploration of
electrode materials allows for the selection of the most effective materials and
configurations, optimizing the cell's performance for a wide array of applications.

5.2.2 Electrochemical Separation

In the field of electrochemical separation, future research should focus on
improving the selectivity and efficiency of outflow electrochemical cells in
separating various ions. To do this, we must carefully study how these cells can
more effectively separate the specific ions we're interested in. This is important for
various industries like chemicals and wastewater treatment. The capacity to
selectively remove specific ions from complex solutions has broad applications and
environmental benefits, making it a key research area in this field.

Conducting simulations will provide insights into how the cell's separation
behavior depends on the properties of individual ions and operational factors. These
simulations will enable us to predict how other ions can be separated from chloride
solutions.

As previously mentioned in Chapter 2 the Fipy package is employed to
simulate the desalination process within the cell. In the case of straightforward
NaCl desalination, the mass conservation equation for chloride ions is addressed
using the discussed boundary conditions. To make this simulation relevant for ion
mixtures that go beyond a basic binary electrolyte, it is necessary to solve separate
mass conservation equations for all the ions present in the mixture. This expansion
of the simulation is essential to handle more complex ion combinations effectively.

The Fipy package will be used to solve the general conservation equations for
four different ion species within the system. This will be done in a 1-D setting,
considering oscillating polarity but with a constant magnitude of current or voltage
conditions at the source and sink. Consequently, we will have four separate mass
conservation equations for each of the ions. Additionally, there's a fifth equation
that accounts for charge neutrality, and it must be solved alongside the other four
mass conservation equations to determine the fifth unknown, which is the electric
field (E). Another approach is to estimate the electric field using Ohm's law. By
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simultaneously solving these five equations, we can determine both the
concentrations of the ions and the value of the electric field. It's important to note
that, unlike the simulation in Chapter 2, we can't remove the migration term from
the transport equation in this case due to differences in ion mobility values.
Consequently, the electric field's determination becomes crucial.

These simulations will offer comprehensive insights into how the mobility of
anions influences the separation process. Theoretical analysis suggests that
improved separation is achieved for anions with higher mobility values, especially
those comparable to or greater than chloride. Conversely, if anions have slower
mobility compared to chloride, achieving separation becomes more challenging. In
such cases, the lower mobility anions tend to be carried along by the advective
current instead of migrating due to the electric field. To thoroughly understand this
phenomenon, simulations should be conducted using a range of anions with varying
mobility values. Moreover, the simulations will cover cells operating at different
current densities and flow rates, providing a comprehensive view of the process
under various conditions.

Simulation plays a crucial role in optimizing the design and operational
parameters of the cell for chloride and sulfate separations. This optimization is
valuable because it helps determine the maximum achievable separation efficiency
or the minimum energy needed to reduce the concentration of one of the
constituents to a specific level. By fine-tuning the cell's design and operational
factors through simulation, we can achieve the most efficient and cost-effective
separation process, thus addressing the environmental and economic challenges
associated with wastewater treatment and ion separation.

In the electrochemical separation experiments, I only used a mixture of sulfate
and chloride ions. However, real-world wastewaters contain a wide variety of
different ions. Therefore, it is essential to study how the outflow electrochemical
cell behaves when it encounters these diverse ions commonly found in wastewater.
This investigation is necessary to ensure the effectiveness of the cell in practical
scenarios where multiple types of ions are present.

5.2.3 Power Generation

In the field of power generation, the goal is to enhance the efficiency and
applicability of these cells for producing green energy.

Experimental validation of the model in chapter 4 will help us to understand
the effect of non-idealities in power generation. Various saline solutions with

108



different concentrations will be introduced into the existing system through syringe
pumps. During experiments, we will measure the current and cell voltage at
different flow rates and concentration variations while applying various constraints
like fixed current magnitude, fixed voltage magnitude, and fixed load resistance.
We will explore different cell designs in this process. The model described in
Chapter 4 will serve as a reference to optimize for maximum power density and
cell efficiency.

Exploring factors such as porosity, pore size, and electrode materials can
provide valuable insights into improving the efficiency and performance of the
power generation process. These investigations contribute to the development of
more effective and sustainable energy generation methods.
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