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I. Introduction
Electrodialysis (ED) is a charged based membrane separation technique that has a

multitude of applications across the chemical industry. Its use has mainly been in ion product
recovery and water desalination [1-3]. Throughout its 50 years of industry implementation,
novel ion exchange membranes have been synthesized and processes have been adapted to
incorporate ED in order to maximize production while minimizing costs [4-7]. Knowing this,
research efforts have been underway looking for new challenges facing the chemical industry
and the development of novel solutions that utilize ED with little or no modification of existing

commercial modules.

A slight modification of ED is electrodeionization (EDI). EDI is the use of ion exchange
resin in the solution compartments to drastically improve the solution conductivity during
operation [8]. EDI is especially useful when high purity water or high ion removal is desired,
such as deionized water for microelectronics processing or the recovery of low concentration
ionic products [9-11]. EDI requires more power than ED due to the regeneration of the ion
exchange resins through water splitting; however, energy savings result due to the enhanced
solution conductivity provided by the resins [12]. Development and modeling of
electrodeionization wafer has resulted in highly recyclable EDI operating at low power levels at

high ion removal rates [13,14].

ED and EDI hold great potential in a multitude of industries; however, several process
limitations hinder implementation. Specifically, renewable organic acid recovery has been
stymied by high energy requirements for product recovery, process waste, and complex
separation techniques required to achieve desired product purity [15,16]. Many separation

techniques have been considered, yet few have been successfully implemented due to energy and



cost constraints [17,18]. These issues include dewatering solutions and maintaining product
integrity. ED can address these issues, yet a simple, cost-effective solution has not been

produced [16,18]. Organic acid production requires the use of large amounts of acid and base for
pH control and acid formation, resulting in the production of large amounts of waste [19,20]. The
waste produced from these processes must be removed, requiring time, energy, and money.
Another issue with organic acid production is dewatering. Organic acid production, especially
through fermentation processes, results in low titer solutions of acid (< 20 wt %) with the
remaining solution being water and other impurities [21-23]. Water is generally removed via
LLE and salting out the organics, yet these can result in low yields which may have significant

impact on overall production costs, especially when dealing with high value products [24,25].

lonic liquids contain tremendous potential for use in electrodialytic separations. lonic
liquids are molten salts at room temperature due to bulky cation and anion structures [26,27].
They are non-flammable, highly recyclable, and possess little to no vapor pressure [28].
Manipulation of the structure of an ionic liquid also has a direct impact upon the physical and
chemical characteristics of the liquid, making the design of these solvents tunable for use in a
wide variety of applications [29-31]. In electrodialysis, ionic liquids have mainly been used for
synthesis, recovery of solutions contaminated with other solvents, and the development of liquid
membranes [27,32,33]. There has been little use for ionic liquids as solvents in ED; however,
their potential for organic product recovery is high due to low vapor pressure as well as the

tunable nature of these solvents.

When considering power generation, electrodialysis holds great promise through a
technique known as reverse electrodialysis (RED). RED is the use of natural salinity gradients to

create an electric current as opposed to using a current to create a salinity gradient [34,35].



Salient gradient energy produces power from natural estuaries where Gibbs free energy of
mixing is released [36,37]. Controlled mixing of these solutions allows the generation of power
with little impact to the environment. It is believed that 2.4 TW of energy is available globally
through natural salinity gradients [38]. The two prevailing methods for extracting this type of
power are pressure retarded osmosis (PRO) and RED. PRO uses draw solutions to generate
osmotic pressure which is then removed via a turbine which generates electricity. PRO has
shown promise; however, concentration polarization, membrane fouling, and regeneration of the
draw solution have greatly limited the potential of this process [36,39,40]. Research into
optimizing and commercializing both methods of salinity gradient energy have made great
strides, yet the commercial benchmark of 5 W/m? membrane area has not been achieved to date.
Several papers have been published above this benchmark, but most testing done was on small
scales in idealized situations in which correction for real-world testing drastically reduces the
expected power potential [36,39]. This emphasizes the need for directly applicable studies in

which direct conversion from lab to pilot-scale experiments can occur with minimal losses.

Purpose and Significance
The purpose of this work was to develop new techniques for ED in organic acid product

recovery and power generation. Using ionic liquids as a solvent, ED allowed the recovery of
organic acid products from aqueous solutions with minimal operating cost and high recovery
rates. In ED, the ions migrate from the aqueous solvent to the ionic liquid solvent via the ion
exchange membrane and applied electrical current. Through ionic liquid assisted electrodialysis,
a novel separation technique for organic acid product recovery was developed. Incorporation of
EDI techniques focused on the improvement of the ED process through enhanced ion diffusion.
Power production through RED incorporating ion exchange wafers resulted in reduced stack

resistance and increased power output at some voltage potentials. In general, ion exchange



wafers enhanced ion mobility in low conductivity solutions by shortening the diffusive pathways
between solutions. This resulted in higher ion transfer rates, higher effective solution
conductivities, and lower system resistances. With a reduction in solution resistance, power
generated through natural salinity mixing was increased. However, correcting for wafer
regeneration and pumping requirements resulted in lower than expected power densities. Results
indicated that the use of wafers in this technology may not be as beneficial as expected.
Additionally, a brief discussion on additional sources of salient gradient energy, including

hydraulic fracturing sites, was investigated and will be discussed in subsequent chapters.

Through this research, several questions were explored and answered. When studying
organic acid purification, we investigated how the incorporation of ionic liquid in membrane
separations can influence ion mobility, water co-transport, and system performance. Through
ionic liquid assisted electrodialysis, organic salts were transferred from an aqueous phase into
and ionic liquid phase, resulting in simplified purification at lower costs. Furthermore, through
bipolar electrodialysis, organic salts were hydrated into an acidified form, resulting in the
development of a simple and cost-effective method for organic acid purification via flash
separation. In our study in reverse electrodialysis, we investigated how ion exchange wafers can
reduce ion diffusive pathways lowering system resistances and increasing net power densities.
Additionally, we investigated the major factors in the development of commercialized RED
technology focusing on the use of RED at hydraulic fracturing sites. We proposed and
investigated the potential of RED with ion exchange wafers to minimize system resistances,
resulting in lower system conductivities and higher power densities over traditional systems.
Unfortunately, due to the capacitive nature of electrodeionization as well as the power

requirements for system operation, the high power densities obtained cannot be extracted as



usable power [39]. Further, exploration of novel processes can result in more applications for
salient gradient energy.

Research Design and Methodology

Research Overview
The bulk of this research focused on the optimization of ED with ionic liquids though

proper system design for this separation. For proper ionic liquid selection, the solvent would
possess high solubility for organic acids with little to no solubility for water. Low water
solubility allows ionic liquids to enhance the ED separation without having to consider water
contamination, thus reducing the amount of acid that must be vaporized from the ionic liquid
during product recovery. Further, water insolubility reduces the environmental impact of ionic
liquids when applied in industrial settings due to simple clean up in cases of contamination. For
modeling the ion transport, several theories on ionic transport in agueous and non-agqueous
phases were considered. Calculations focused on optimizing system performance through current
efficiency and ion and water flux calculations. Through this project a method for separating
organic acids from model solutions, mixed solutions, and fermentation broth using ionic liquids

was developed.

After the ED proof-of-concept experiments were completed, EDI techniques were
employed to determine the influence that ion exchange wafers had on the recovery of organic
acid products. lon exchange wafers were placed in the concentrate compartment in order to
improve ion mobility within the ionic liquid solution. Additionally, a second ionic liquid was
tested to determine the effect of ionic liquid structure on separation performance. A second
model organic salt was also used in order to investigate the influence of ionic species on
separation efficiency and ionic liquid affinity. Effects of current density and water and ion

transfer rates were also investigated. Energy requirements for separation were calculated in order
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to compare the developed electrodeionization technique to existing technology. Results indicated
that incorporation of ion exchange wafer substantially reduces energy requirements for organic

acid product recovery, resulting from enhanced ion mobility within the ionic liquid phase.

Reverse electrodialysis was studied through a few methods. Preliminary experiments
consisted of constructing single and multi-cell stacks with and without a salinity gradient present
in order to measure the base power output measured using a digital multimeter. Power output
was determined using voltage, current, and resistance measurements obtained from the
multimeter while solutions were recirculated through the system. Single pass studies were
eventually tested in order to determine if power readings were higher and more stable than the
initial trials. Completion of proof-of-concept experiments resulted in low power densities and
high system resistances; therefore, a new RED system was designed with thinner solution
compartments. Reduction of solution compartments resulted in lower system resistances and
higher power densities. However, use of a passive current to measure power potential resulted in
inflated gross power densities. Elimination of this artificial power resulted in power output
incapable of sustaining wafer regeneration. Subsequent chapters will discuss the overall efficacy
of this technology and how RED can progress towards commercialization with and without the

use of wafer technology.

Design of Experiments and Materials Overview
Preliminary studies focused on the use of a single commercially available ionic liquid for

proof-of-concept experiments. Once completed, additional organic salts and ionic liquids were
investigated for their impact on membrane selectivity, ion transfer, water and organic ion
solubility, and overall product affinity. Experiments were conducted using a PC-Cell 64-4 for

ED experiments and a Micro Flow Cell supplied by Ameridia. Concentrations of ionic species



were determined though Waters HPLC system. The system consisted of a Waters 717 plus
autosample injector, a Waters 1525 binary HPLC pump, an IC-Pak™ ion-exclusion column
(7.8mm x 150mm), and a Waters 2414 refractive index detector set at 440 nm. Water leakage
into the ionic liquid phase was determined using a Mettler-Toledo L31 Karl-Fischer titrator.
Presence of organic acid in solution was confirmed by gas chromatography using a Shimadzu

GC-2014 equipped with a Zebron ZB-FFAP column.

lonic liquids in electrodialysis required certain characteristics in order to make the
separation effective and economical. The solvent must have a high affinity for the product to be
separated, be immiscible with contaminants, in this case water, and should be able to be
synthesized in large volumes at low cost. Unfortunately, most ionic liquids available in today’s
market are still sold at high cost and in low quantities in order to maximize commercial revenue.
Currently, imidazolium based ionic liquids have been tested in our lab due to their availability at
reasonable prices and non-hazardous nature. The effect of ionic liquid structure on ED
performance was investigated with specific emphasis on the influence of hydrophobicity,

molecular weight, and electrical conductivity.

Reverse electrodialysis experiments were conducted using a Micro Flow Cell ED system
supplied by Ameridia. Power measurements were obtained through use of a Klein Tools digital
multimeter and through passive power measurements obtained using an AMEL 2053
potentiostat. Open circuit voltage was measured directly through the multimeter and stack
resistance was obtained through application of voltage potential across the stack and measuring

the current through the stack.



Summary and Overview of Dissertation
In summary the use of electrodialysis technology improved membrane separations where

selective ion recovery was limited due to side-products or low yields. lonic liquids in
electrodialysis resulted in the development of a novel process where ion migration occurred from
an aqueous phase into an ionic liquid phase. The addition of ion exchange resin wafers improved
separation performance by lowering the diffusion pathway required for ion migration, resulting
in higher solution conductivities and process current efficiencies. Recovery of the organic acid
can then be achieved using flash separations allowing the ionic liquid to be recycled back into
the ED or EDI process with no degradation of ionic liquid solvent. Main limitations of this
technique were that co-water transport reduced final product concentrations. Water leakage into
the ionic liquid phase resulted in higher energy requirements for product removal and solvent
regeneration. Further research into the reduction of water transport during ED/EDI operation can
mitigate the contamination of the product stream, substantially improving the quality of finished
product; however, that study is outside the scope of this work. Reverse electrodialysis benefited
marginally from electrodeionization techniques, specifically ion exchange wafers. Incorporation
of wafers resulted in lower stack resistance, higher power densities, and higher gross power
generation from salient gradient energy; however, consideration of current passivation and power
requirements for wafer regeneration resulted in net power generation that was less than
anticipated. Investigations of RED at hydraulic fracturing sites demonstrated that this technology
can hold tremendous potential at unnatural salinity gradients, provided that a sufficient driving
force is available for power generation. Through the following chapters, outlined in Table 1, the
scope of this research will be detailed and the impact that this technology holds in product

recovery and power generation applications will be discussed.



Table 1. Outline of Dissertation

CHAPTER MAIN RESEARCH QUESTION TOPIC OF INVESTIGATION
Background and literature survey on
What is the current state-of-the-art
organic acid production,
2 for organic acid production and
electrodialytic techniques, and power
reverse electrodialysis?
generation through salinity gradients.
Can ionic liquids be incorporated
into electrodialysis in order to Organic acid purification through ionic
3
improve separation performance and liquid assisted electrodialysis.
overall product quality?
Can ion exchange wafers improve Improvements of separation
ion mobility and separation performance using wafer enhanced
4
efficiencies within ionic liquids electrodeionization using ionic liquid
during electrodialytic separations? solvents.
What influence can ion exchange Incorporation of ion exchange wafers
5 resin technology have on reverse in reverse electrodialysis for improved
electrodialysis? power generation
How can this research further
Summary of presented research, future
progress the fields of electrodialysis
6 direction and implications of subject

and improve upon state-of-the-art

technologies used in industry?

matter, and overall impact to the field.
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Il. Background
Electrodialysis: State-of-the-art Charged Based Separation

Electrodialysis (ED) is a charged based separation that selectively transports ions in
solution from one compartment within the cell to another. Electric current is applied to the
system and ions migrate towards the electrodes through semi-permeable membranes. Alternation
of these membranes allows the removal of ions from one solution into another. ED is
advantageous when separating ionic products and molecules in solution. Disadvantages include
selectivity issues with membranes and limitations on final product concentrations and solvents,
often resulting in secondary purification steps required [1,2]. Electrodialysis has been used in the
food and beverage industry for the deacidification of fruit juices [3], demineralization of whey

protein [4,5], and the removal of sodium from products [6].

Historically, electrodialysis was first proposed in 1890 by Maigrot, Sabates, and Ostwald
for the demineralization of sugar syrup [7,8]. Over the early 20th century, many improvements
were made to the initial system, and in the 1930’s Teorell began developing charged membrane
theory to mathematically describe the phenomenon found in these systems. In the 1950’s the first
ion exchanged membranes were produced by W. Juda, W.A. McRay, and lonics (USA) with
focus on desalination plants in South Africa and Saudi Arabia [9]. By the late 20th century,

electrodialysis had emerged as a vital separation technique across the chemical industry.

A schematic of a typical electrodialysis cell is presented in Figure 1. The electrodes serve
as a means for redox reactions that allow the continuous flow of electrons while the rinse
solutions act as ion sinks which protect the electrode metals from dissolution. Cations pass
through cation exchange membranes (CEM’s) and are blocked by anion exchange membranes
(AEM’s) while anions pass through AEM’s and blocked by CEM’s. This allow the removal of

ions from one solution and the accumulation of ions in another. Membranes are synthesized from
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a base polymer treated with charged molecules. AEM’s typically contain nitrogen groups while
CEM’s contain sulfonated polymers. Table 1 presents common ion exchange membranes and
their properties [10]. Important factors on the selection of a membrane are the ion exchange

capacity, permselectivity, member thickness, and robustness in the selected solvent.
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Figure 1. ED Stack Setup. Repeating unit refers to
number of cells in the system.

Table 1. lon Exchange Membrane Properties

Membrane Permselectivity  Resistance Membrane Burst

thickness Strength

NEOSEPTA AMX 0.98 2.4 Q-cm? 0.14 mm 0.25 MPa
Fumasep FAS 0.95 3.1 Q-cm? 0.13 mm -
Fumasep FKS 0.96 8 Q-cm? 0.12 mm -

NEOSEPTA CMB - 4.5 Q-cm? 0.21 mm 0.40 MPa

NEOSEPTA BP1E 0.98 - 0.22 mm 0.40 MPa
Fumasep BPM 0.98 3 Q-cm? 0.25 mm -
Nafion® N-117 0.95 1.5 Q-cm? 0.18 mm -

Typical state-of-the-art ED consists of product recovery at power consumption rates of 1
kWh/kg ionic product or lower and 1 kWh/m? water purified [11-13]. Additionally, production

rates must be scalable and minimize product loss. For example, citric acid production using ED
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techniques can recover product from fermentation and waste streams at high current efficiencies
[14,15]. Wang et al. demonstrated lactic acid recovery from a continuous fermentation system by
electrodialysis [16]. de Groot et al. also developed a method for the recovery of
monoethanolamine with power requirements as low as 0.35 kWh/kg product [17]. Other research
conducted has demonstrated recovery and removal of ions from wastewater [18,19] and brine

solutions [20-22].

Mathematical Theory
Electrodialysis performance is quantified by a few key variables. The most important

factors to consider are the ion flux through the membranes, water co-flux, and the process

current efficiency. Current efficiency is calculated using equation 1.

_ VF(Cp—Cyp)
- zIt (1)

where V is the system volume, F is Faraday’s constant, Cs is the final ion concentration, C; is the
initial ion concentration, z is the ion valence, I is the system current, and t is the operation time.

lon and solvent flux are calculated using equations 2 and 3.

Ji = 4ig - pAC (2)
Js = @i+ pAC @)
where A is the transport number, iq IS the current density, ¢ is the overall electro-osmotic

permeability, and AC is the concentration gradient at the membrane surface. From these
equations, the important characteristics of the ED system become evident, e.g. current density,
membrane area. Another important equation used during scale-up is the determination of
membrane area required to perform an ion depletion from a given set of initial conditions. This is

used especially during the removal of contaminants in industry in order to reuse process water or
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discharge within environmental regulations. Equation 4 demonstrates how this can be

determined.

_ QF(Cs—Cy)
=

A (4)

In this equation, Q denotes the volumetric flow rate through the electrodialysis stack due to many

of these process occurring in a continuous fashion.

Electrodialysis is often modeled either by the use of the Nernst-Plank equation or through
a steady-state convective diffusion equation assuming laminar flow through the cell channels
[23-25]. Results of ED modeling and simulation can be summarized in the parametric plots
presented in figures 2 and 3 [15,26]. In general, current efficiency is highest at low current
densities, yet this results in low productivity of desired ionic products. High productivity is often
desired, so current densities are raised and loss of ideal current efficiency is acceptable as long as
power consumption can be justified by process economics. Additionally, continued increase in
current density will lead to greater productivity until the limiting current density is reached. At
this point, electrical potential supplied to the system will no longer drive ionic movement and
will begin the transition to the generation of hydrogen and oxygen molecules due to water
splitting. Water splitting is undesired in ED operation, thus most ED operation occurs within the
ohmic region. However, during EDI operation water splitting allows the regeneration of the ion
exchange resin used within the flow compartments. Successful EDI operation requires a higher
voltage drop across the membrane stack to ensure sufficient water splitting for wafer

regeneration.
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Figure 2. Parametric plot describing the effect that current density plays on current
efficiency and power consumption during normal ED operation.
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Figure 3. Parametric plot describing the influence of increased voltage supplied on
electrodialytic systems.

Organic Acid Production

Organic acids have been used to produce a multitude of products ranging from
pharmaceuticals and specialty chemicals to foods and biofuels [27-31]. Synthesis of these
compounds can occur from chemical synthesis or through fermentation. The largest organic acid

produced globally through fermentation is citric acid, with over 1.7 million tons produced per
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year [32,33]. Citric acid is used primarily as a food additive with some additions in cosmetics,
detergents, and chemical cleaners [32]. Another organic acid with wide scale global production
is acetic acid. Although produced mainly through chemical synthesis from methanol,
fermentation for the production of acetic acid is crucial for the production of vinegar [34-36].
Acetic acid is produced for use in the food industry and as a natural herbicide and fungicide [37].
Butyric acid is also found in the food industry as a preservative, been incorporated into
biocompatible plastics, and has recently been investigated for production of the biofuel butanol
[38,39]. Trifluoroacetic acid is produced to act as a solvent, reagent, and oxidizer in a multitude
of chemical reactions [40]. Sorbic acid and its derivatives are used as preservatives in foods
[41,42]. Organic salts also have their uses. Sodium gluconate is used in the food and
pharmaceutical industry to assist in the dissolution of metals [43,44]. Sodium salicylate is a
potent drug that is used in the treatment of neurological disorders, and trolamine salicylate is an
organic salt often found in cosmetics and pharmaceutical topical agents [45-47]. Table 2

summarizes the largest organic acid markets along with their methods of synthesis.

Table 2. Global production of organic acids

Organic Acid  Global Output (metric tons)  Production Methods

Citric Acid 1,700,000 Fermentation [32]
Acetic Acid 7,000,000 Fem:;;?;g;?ﬁ;g;"ica'

Lactic Acid 150,000 Fermentation [48]
Propionic 130,000 Chemical Synthesis [49]
Formic acid 770,000 Chemical Synthesis [49]

Gluconic Acid 60,000 Fermentation [50]

19



Recently, biological pathways have gained great attention from the scientific community
due to the ability to produce organic acids from renewable feedstocks instead of traditional
chemical synthesis methods [51-53]. For example, citric acid is one of the most well developed
fermentation pathways for industrial production with global market value over 2 billion dollars
[15,30]. Production of organic products via feedstocks require many steps each with their own
limitations. Typically feedstocks are broken down into simple carbohydrates and consumed by a
micro-organism such as yeast or bacteria that produces desired products. Once fermentation is
complete, they can be removed via filtration and purified to the desired quality. Organic acids
produced are often neutralized during fermentation and require acidification. Sulfuric acid is
commonly used to lower solution pH and produce the desire organic products. Excess acid is
then removed and discarded [54]. Figure 4 presents a process flow diagram of citric acid
production from fermentation summarizing the steps involved in synthesis. A large number of
articles have been produced documenting the breakdown, conversion, and purification of organic
acids from sources such as yeast [55,56], Aspergillus niger [57,58], and Rhizopus orizae [59,60].
From these articles, it becomes evident that the most energy and cost intensive steps of

bioconversion are in product recovery from media and the final stages of purification.
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Separation of organic products from fermentation broth in a batch or continuous process

occurs through either a multi-filtration or chromatography process [61]. The initial steps separate

cells and particulates from the broth while subsequent steps remove the desired products out of

the broth. Often a continuous fermentation process is preferred over batch operations due to the

ability to produce and remove organic acid products simultaneously and in larger quantities as

compared to batch processes [62]. Continuous removal of products serves two purposes. First,

many desired products can be toxic to the species producing at high concentrations, therefore

high titers are not possible. In order to maximize product formation, products are removed to

reduce product toxicity, ensuring cell longevity. Second, removal of desired products can allow
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side products to be consumed by bacteria and converted to desired products once high
concentrations of waste products have been achieved in the broth. If products are intracellular,
continuous product recovery isn’t possible and batch operations are conducted. Recovery of
products from batch operations generally occurs by cell lysing followed by filtration or

extraction of products.

Once products are recovered from fermentation, purification is often needed. This step
can take many forms and can be simple or complex depending on the nature of the organic
product to be recovered. For most organic acids, products are typically recovered via
electrodialysis, liquid extraction, or crystallization. Liquid extraction is the most common due to
its simplistic approach and high recoveries and short retention times [14,63,64]. The main
drawback is that harsh chemicals are often required which produces large amounts of hazardous
waste. Electrodialysis allows selective recovery of ionic products with low energy requirements.
Disadvantages include selectivity issues with membranes and limitations on final product
concentrations due to water and co-ion transport, often resulting in secondary purification steps
required. Salting out is typically done by the addition of a stripping salt which generates an
organic acid rich phase above the aqueous phase. This is effective for quick recovery of organics
but requires large quantities of salt and extraction efficiency is limited to 85-90% [65,66].
Crystallization is very common and beneficial because crystals can easily be recovered via
filtration and dried to high purity. Limitations result when large amounts of waste salt are

produced when crystals require dissolution to an acid state.

Reduction in power consumption coupled with techniques for increased productivity are
necessary for many biological pathways for organic acid production to achieve full-scale

implementation. The most intensive step of product recovery is dewatering. Dewatering a
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solution can occur through crystallization, electrodialysis, or liquid-liquid extraction. Typical
electrodialytic separations require 0.2-22.84 kWh/kg product and cost about $0.105-0.427/kg
acid recovered [67,68]. For example, succinic acid production through biological pathways has
been produced at $0.55-2.20/kg using electrodialysis and liquid-liquid extraction while the cost
of lactic acid manufacturing is approximately $0.55/kg [52,69—71]. The main targets for cost
reduction in electrodialysis are decreasing membrane costs, improving anti-fouling capabilities

of membranes, and improving membrane selectivity over co-ions [1,72].

Power Generation through Reverse Electrodialysis

With the growing demand for energy coupled with concerns over greenhouse gas
emissions and petroleum supplies, salient gradient energy has become a topic of interest in the
development of sustainable, renewable energy sources. Salient gradient energy is the extraction
of mixing energy between two solutions through the application of membranes [73]. Originally
proposed by Pattle in the 1950’s and later by Norman and Loeb in the 1970’s, salient gradient
energy has emerged as a method of sustainable power generation with as much as 1.4-2.6 TW of
global production possible [74—76]. This process occurs through two technologies; PRO and
RED [77-79]. PRO is the use of an osmotic pressure gradient to build pressure to move and
generate electricity through a turbine. RED relies on the Gibbs free energy of mixing associated
with solutions of differing salinities to generate electricity [80,81]. Several papers have been
published on both topics with little agreement over which technology is more economical. PRO
studies have reported power outputs has high as 5 W/m? [76]. However, the only pilot/industrial

plans for this technology underway are in the Netherlands using RED [82].

RED is the generation of electrical power through separation of solutions at different

salinities by semi-permeable membranes [83]. Since the solutions are at differing salinities, ions
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will move from one compartment to another through controlled mixing. Careful arrangement of

membranes result in negative ions flowing in one direction and positive ions flowing in the

opposite direction. This directionality of ion mixing results in electric current which can be

recovered as usable power. Figure 5 shows the energy production process through RED.
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A major issue concerning RED is that of energy recovery. Veerman et al. reported that

1.7 MJ is generated when 1 m? of seawater is mixed with 1 m® of riverwater [84]. The issue is

the extraction of this energy at high efficiencies. Typical energy extraction efficiencies for RED

are low (7-22%) [84-86]. However, Post et al. reported an extraction of approximately 80% of

the theoretical maximum through low current densities which resulted in low power densities

[87]. The main tradeoff becomes the optimization of power density and extraction efficiency.

Currently, no research has been able to solve this issue.
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RED has made great strides in the past decade with much of the work going to the
Nijmeijer group and Harmsen group in the Netherlands as well as Bruce Logan’s lab at Penn
State [73,81,88-90]. Veermas et al. has found that minimization of the intermembrane distance
significantly reduces cell resistance, maximizing power potential [88]. Further refinements have
come from the use of conductive spacers [91], profiled membranes [92,93], and the design of
ultra-thin ion exchange membranes [94]. Studies have also been conducted on the effects of
fouling and channeling in RED systems [80,95]. At current state of the art, RED has produced
power at 2.2 W/m? [88]. The benchmark for industrial application is currently set at 5 W/m?
signifying that there exists a need for further research in order to commercialize this technology.

Mathematical Theory of Reverse Electrodialysis
In RED, the main objective is to maximize the power output from two mixing bodies of

water. The maximum voltage obtainable from any two solutions is quantified by the Nernst

equation presented in Equation 5 [81].

RT Cc
AV = NC(X; nC—d (5)

In this equations, N¢ is the number of cell pairs, a is the membrane permselectivity, R is
the ideal gas constant, T is the absolute temperature, z is the ionic valence, F is Faraday’s
constant, C. is the ion concentration in the concentrate (seawater) compartment, and Cq is the ion
concentration in the dilute (freshwater) compartment. For seawater and freshwater solutions, the
voltage potential generated per cell is approximately 0.4 V. From this potential, the limiting
factor of resistance comes into play. System resistance has been the largest limitation for high
power capabilities in RED with many efforts focused on the reduction of cell and membrane

resistance [94,96,97]. Stack resistance can be determined from Equation 6 [76].
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Rstack = Reiectrode + Rcem + Z—Z + Z_Z + Raem (6)

In this equation, Reiectroge 1S the electrode resistance, Rcewm is the cation exchange
membrane resistance, Raewm is the anion exchange membrane resistance, k¢ is the concentrate ion
conductivity, kq is the diluate ion conductivity, hc is the concentrate solution height, and hq is the
diluate solution height. In most cases the electrode resistance is considered negligible with the
majority of system resistance occurring through the ionic solutions and system membrane. Once
resistance has been determined, the maximum theoretical power obtainable from RED can be

calculated. The power obtained from RED can be determined from Equation 7.

AVZRipqq

P=1*Ripqq = —2—
load (Rstack+Rload)2

(7)

In this equation, P is power, | is the system current, and Riead IS the load resistance placed
upon the stack. Knowing that the maximum obtainable power from RED occurs when Rioad iS

equivalent to Rstack, the maximum gross power obtainable can be calculated from Equation 8.

AV?
8Rstack

(8)

P gross =

From the gross power potential, the net power can be determined by subtracting out energy

required to pump solutions through the system as written in Equation 9.

Puet = Pgross - Ppump 9)

With net power calculated, RED techniques can then be compared for efficacy while variables
such as intermembrane distance, solution conductivity, and membrane characteristics

investigated for optimum power output.
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Abstract

Reverse electrodialysis is the extraction of usable energy from the Gibbs free energy of mixing
two liquids of different salinities. Current research efforts have been focused on the improvement
of power density through higher voltages, large cell numbers, and overall reduction of stack
resistance, yet problems associated with power generation still persist. We have improved this
technology by incorporating ion exchange wafers in each cell, shortening the diffusion pathways
and thus decreasing their electrical resistance. We also studied the effects of applying reverse
electrodialysis in hydraulic fracturing operations, the first study where direct industrial
applications are considered. We developed an innovative resolution to high resistance levels
through the use of ion exchange wafers, and have obtained gross power densities of
approximately 1.06 W/m?. This is the first study incorporating electrodeionization techniques in
reverse electrodialysis systems. Additionally, overall stack resistance decreased an order of
magnitude upon inclusion of ion exchange wafers into the reverse electrodialysis stack. This
study also investigated the use of reverse electrodialysis in hydraulic fracturing. This technology
could be utilized for processing of flowback water from hydraulic fracturing operations to
provide some of the power used at the well site with no greenhouse gas emissions. Using reverse
electrodialysis at fracking sites, an industrial process that has been mired by environmental
concerns can take positive steps toward developing and adopting sustainable practices.

Keywords Reverse electrodialysis, lon Exchange Membranes, Hydraulic Fracturing, Membrane
Science
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Introduction

Recently, marine-based energy sources have become competitive options in the
alternative energy sector [1,2]. Salinity-gradient energy, or “blue energy” [3], is defined as the
energy available from mixing two aqueous solutions of different salinities, and has a total global
potential for power production of 1.4-2.6 TW or as many as 3,000 coal fired power plants [2,4—
10]. When “produced water” from fracking is returned to the surface, it contains a high
concentration of salts and thus, when it is mixed with fresh water for later reuse, a significant
potential to extract usable power exists from Gibbs free energy of mixing [11-13]. However, no
studies have been conducted relating this energy potential to the fracking industry. The fracking
industry is an ideal application for reverse electrodialysis (RED) because brine solutions and
freshwater are found in large quantities at each well site. Not only does our research focus on
augmenting the RED process for improved power production, but also it takes this a step further

by providing a sustainable solution some environmental hydraulic fracturing concerns.

1.1 Reverse Electrodialysis
RED is an electrochemical process driven by the concentration difference between feed

streams (diluate and concentrate) that are separated by ion selective membranes, creating an ion
flux as cations and anions diffuse across the membranes [1,3,14]. Through a series of oxidation-
reduction reactions at each electrode, this ion flux is converted directly into an electric current
[3,15]. Several designs for RED systems have been considered, generally consisting of
alternating cation and anion exchange membranes separated by spacers and terminated with an
electrode at each end [14-16]. In stacks consisting of multiple cells, a serial configuration is used
to maximize power generation [17]. Homogeneous ion exchange membranes are used for their

high permselectivity for ions with opposing charge while repelling ions with like charge [18].
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Previous research has found solutions to some limitations in RED including those for the spacer

shadow effect [19-21], fouling [6], and resistance [10].

In a traditional RED setup, the environment of the diluate chamber is non-conductive,
providing limited ionic diffusion. As a result, the resistance here is the dominant restriction
[22,23], and no research to date has effectively solved this problem. Therefore, the focus of this
research is to provide a working solution to limited ion diffusion by applying principles of Wafer
Enhanced-Electrodeionization (WE-EDI) [24-26] in hopes of greatly reducing this resistance. A
wafer is made by binding ion exchange resins with polyethylene [24], and will be used as a
spacer in each chamber to stimulate ionic transport. The largest reported experimental power
density is 2.2 W/m? using a stack composed of five cells, spacer thickness of 100 um, and
specially manufactured ultra-thin membranes (30-40 um thick) [7]. However, power densities an
order of magnitude above this level are possible, evidenced by theoretical calculations with

minimal system resistances.

1.2 Technology Implications for Produced Water from Hydraulic Fracturing
Hydraulic fracturing has become widely utilized as a means for extracting

unconventional natural gas and oil. Each well site is horizontally drilled, and injected with 12-16
million liters of “fracking fluid” (water with sand and chemical additives), under high pressure to
crack the formation thus increasing the permeability of the surrounding rock enabling enhanced
gas and oil flow to the well [27]. Following the fracturing process, fluid returns to the surface as
produced water containing contaminants, mainly dissolved salts, with recovery rates ranging
from 20 to 100% [11,27]. The most common method of produced water disposal is deep-well
injection, however, it is suspected that this has contributed to recent seismic events in addition to

permanently removing water from the ecosystem [28—30]. As a result, the need for devising an
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alternative method for handling produced water has become both environmentally and

economically pressing.

To begin water recovery, a series of pretreatment regimens are implemented in order to
remove contaminants and foulants. Once these have been removed, RED technology can be used
to harness the Gibbs free energy of mixing between this partially treated produced water and a
freshwater feed with the purpose of replenishing the water that could not be recovered from
water clean-up. This extracted energy can then be used to power ongoing processes or stored in a
battery for later use in subsequent fracking process when needed. The resulting water solution
output from the RED system can then be recycled back into the hydraulic fracturing process.

This revolutionary approach allows for the recycle of water and production of energy.

Materials and Methods

We designed an innovative RED system that utilized WE-EDI techniques to minimize
system resistance. This system was tested with varying numbers of cell pairs. Membranes were
separated by custom hybrid spacer-gaskets to minimize cell length. Each one measured 500
microns in thickness. Fumatech FKS-30 and FAS homogeneous ion exchange membranes were
used for experimentation. A schematic of the general system configuration is shown below in

Figure 1.
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Figure 1: Diagram of RED Cell. Membranes are spaced within the cell, and compartments
alternate between freshwater and fracking/brackish water.

2.1 Wafer Casting
Ion exchange wafers used in experimentation were composed of both anion and cation

exchange resins (Amberlite® IRA-400(Cl) and Amberlite® IR120 Na+ form ion exchange
resins), polymer (Polyethylene powder, 500 um), and sucrose. A custom iron cast was
constructed that measured 127x 127cm in diameter. Each batch of wafer ingredients were mixed
in a 46:15:10 gram ratio of resin, sugar, and polymer developed in a previous study [24]. The
composition was then mixed at a rate of 300 rpm for 5 seconds using a FlackTek Inc.
SpeedMixerTM (model: DAC 150 SP) to ensure uniformity. Wafer material was placed in the
cast, and then inserted into a Carver press (model 3851-0 at 10,000 psi and 237°F for 90 minutes,
followed by a 20 minute cooling period via pressurized air treatment. After cooling, the cast was
removed, and wafer carefully extracted. Figure 2 shows an image of the resulting wafer
structure. The resin and sucrose become bound by the polymer, and following a soak in a water
solution, the sucrose dissolves leaving a porous wafer. This allows the RED solutions to flow

around and through the wafer similar to a turbulence spacer in traditional systems. The novelty
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of our wafer comes from its improvement of ion transport through a drastically reduced diffusion
path length for ions. At voltages above 1.5 V, water splitting will occur within the RED system,
and the generated ions eliminate the potential for surface attachment of other mono and divalent

ions in solution, improving ion mobility and diffusion rates.

f . Polymer Support
lon exchange Resin

| |

200 pm

Figure 2. Microscopic Image of Resin Wafer used in Electrodeionization. Spherical resin
partially encased by polymer binder. Active area should be maximized to ensure proper wafer
activity.
2.2 Feed Water Concentrations
Experiments were conducted with simulated saltwater and freshwater feeds. For each
experiment, a 3% NaCl concentration was used for rinse feeds. All feed waters were pumped
through the cell using peristaltic pumps, and varying flow rates were tested. Initial and final
conductivities of concentrate and diluate feed streams were measured in addition to the open
circuit voltage potential. Experiments were also conducted using fracking water obtained from

an Oklahoma well site. All hydraulic fracturing simulations performed were based on voltages

obtained in these tests.

23 Analytical Measurements: Electrochemical
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Voltage and current readings were taken for both traditional RED conditions and our
wafer-enhanced design. These were obtained using both a digital multimeter (Klein Tools) and
potentiostat (Amel model 2053). Once the RED stack was set up for a specific set of conditions,
fluid was pumped through the stack, and voltage readings were measured directly from the
multimeter with fluid flow being the only source of ionic movement. Once an average voltage
was obtained per cell pair from a single cell stack, the potentiostat was used to simulate process
scale-up. A range of voltages were applied to the stack, and current measurements were obtained.
It was then possible to calculate the system resistance and the overall power density capability of

the stack.

2.4 Mathematical Theory
To simulate the process scale-up, the following equations were used to obtain the

resistance of each cell pair and electrode at a specified voltage:

Rceii + Re!ech'ode = Rtotcﬂ 1

where Rcell was the resistance of a single cell and Reiectrode Was the combined resistance of the
electrodes. Once these were obtained, it was necessary to find the number of cell pairs needed to

generate a given voltage. This was determined using equation 2.

Vapphed _ 2

— HVcells
Veell pair

where the Vel pair was the voltage obtained from a single cell pair using RED and Vappiied Was
the theoretically generated voltage through applying it to the RED system. The cell pair voltage

was identified from the multimeter data, and the applied voltage was varied from 0.2-4.5 V using
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the potentiostat. This number was multiplied by Reei to obtain the total resistance per stack.

Power density was then calculated from equation 3.

2

p= Vaz.pphed(glaad) _ Vapp![’ed 3

2(RtotaltRioad)? BReotal

Previous studies have demonstrated that the maximum power generated from an RED stack
occurs when a load applied the system equals the stack resistance [5]. To find power density in
units of W/m?, the last expression is divided by the total active membrane area, found by
multiplying the number of membranes used by the active area. For this research, the active area

was 10 cm?.

Results and Discussion

3.1  Voltage Potential
Once focus for this project was directed towards implications in the hydraulic fracturing

industry, experimental conditions were tailored for simulating the fluid properties of produced
water. During pretreatment, produced water from hydraulic fracking entering the RED apparatus
had undergone nanofiltration pretreatment to remove all divalent ions from the water,
maximizing voltage potential. This set of experiments was performed using a single-cell RED
stack, and run with simulated fracking solution of 14% NaCl and 0.1% NacCl salt solution in the
concentrate/rinse feed streams and diluate feed stream respectively. Additionally, water from an
Oklahoma fracking site was used to confirm the voltage output from this application. It was
found that an average of 181 mV was produced per cell pair on a single-cell stack. When
simulated seawater at 3% NaCl was tested with 0.1% NaCl solution, the output voltage was 150

mV. These values were later used for power density calculations.
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3.2 Gross Power Density
In order to obtain gross power density, several sets of experiments were performed to

simulate a multi-stack design for high voltage operation ranging from 0.2 to 5 volts. Further,
direct power measurement was conducted in a single-cell traditional RED setup (i.e. no wafers
used), single-cell wafer-enhanced RED setup, 6-cell traditional RED setup, and 6-cell wafer-
enhanced RED setup. Current and power density calculations were then carried out and corrected
for non-ohmic behavior caused by the presence of the ion exchange wafers [25,31]. Figure 3
shows the gross power density obtained for both traditional and wafer-enhanced conditions. The
highest power generation was 1.06 W/m? for the wafer enhanced system using fracking solutions
while simulated seawater resulted in a power density of 0.68 W/m?. When no wafers were used,
the power density obtained was 0.46 W/m?. For voltages below 1.5 V, power output was very
low (< 0.05 W/m?). When 1.5 V was reached, wafer activation occurred and significant increases
in gross power density were observed. Membrane performance also improved, leading to
increased observed power densities in non-wafer systems. The improvement in power density is
thought to be mainly a result of the wafer activation. This is the first known study where EDI is

shown to increase the power density in a reverse electrodialysis system.
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Figure 3. Gross Power Density. Gross power density of the RED stack for traditional and wafer-
enhanced RED conditions.

Overall it is shown that the use of ion-exchange wafers had a moderate effect on gross
power densities for RED, and that optimum conditions exist greater than 1.5 V. In the higher
voltage regions (i.e. > 1.5 V), a phenomenon known as “water splitting” has a large effect on the
process; conversely, below 1.5 V, the ion-exchange wafer is inactive and water splitting does not
occur. Thus, each 1on has passive diffusion throughout the cell, resulting in higher resistances.
When the wafers activate at voltages above 1.5 V, water molecules rapidly break apart and form
hydrogen and hydroxide ions. Faster diffusion is promoted when these H" and OH" ions force
counter-ions through the cells, dramatically decreasing resistances through facilitated diffusion.
Simulated power densities for the traditional system show an ideal case; however, there are
several system hindrances that would result in lower than expected power yield with traditional

RED. At low voltages, ion diffusion is limited by the high resistance of the freshwater stream, so

94



reaching a high voltage potential can be very difficult due to the large resistance inherent to the
system. This resistance limitation is shown in Figure 4. The increase in resistance between 1-2 V
for the traditional system occurred for every experimental trial conducted. Also in high voltage
systems, water splitting can result in severe damage to the ion exchange membranes in
traditional RED; however, the wafer enhanced case prevents membrane damage and promotes

wafer regeneration [24,25,31].
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Figure 4. RED Stack Resistance Comparison of resistances between traditional and wafer-
enhanced conditions.

3.3 Net Power Density
For an accurate representation of possible power density output, power consumption due

to pumping losses, wafer regeneration, and passive current added during testing must be
considered. Passive current was determined by testing the system for power output when no
salinity gradient was present. The resulting current and power output at the no gradient case were
calculated for each applied voltage. Wafer regeneration requires a degree of water splitting to
occur within the system. This requires approximately 0.5 V per cell pair for maximum wafer
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regeneration and ion transport. Subtracting these values from gross power density numbers
yields the net power density, or what would be generated for use in practical applications. Figure

5 show the effect of passive current correction and water splitting on gross power density.
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Figure 5. Net power density of wafer enhanced and traditional RED systems correcting for
passive current added during testing.

The net power density was 0.67 W/m? for the wafer enhanced system running with
fracking water and 0.29 W/m? for the wafer enhanced system simulated seawater was used. The
traditional system had a net power density of 0.12 W/m?2. At voltages below 1.5 V, low power
output is observed as seen in Figure 3 above. At the onset of water splitting, we observe a
negative power density for the wafer enhanced system resulting from the power required for
wafer regeneration. At higher voltages, the wafer enhanced system outperforms the traditional
RED system. This is a result of wafer performance and a decrease in traditional system
performance directly resulting from increased water splitting. Taking into account the total

pressure drop across the system, the power losses due to pumping were 1.6 W/m? for all tests.
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Unfortunately in small lab scale testing, this exceeds the amount of gross power, meaning that
little to no useful power can be recovered on the scale tested. Pumping power is difficult to
consider in small systems because the flow and power used is often designed for larger systems
and pressure drops fluctuate during testing as noted by others [7,32]. In addition, the spacers and
membranes used were much thicker than desired and much larger than other systems used in
other studies [7]. In order to obtain useful power larger systems as well as thinner membranes
and solution spacers are needed. As power density increases, losses due to pumping become less
significant. Theoretical predictions based on lab data suggest that realistic maximum power
densities of 2-5 W/m? are possible with an optimized system. Therefore, we conclude that power
densities approaching 5 W/m? can be achieved and would be a tremendous sustainable and
financial incentive to the industry. Coupling this technology with water recycle, the hydraulic
fracturing industry can reduce the amount of energy and resources required for oil and natural

gas extraction.

34 Implications for the Fracking Industry
Research investigating the treatment and recycle of this produced water for re-use at

other well sites has been conducted [33,34]. In one case, a nanofiltration process was used to
recycle produced water and then freshwater was reintroduced to the process through RED.
Through nanofiltration and RED, water recoveries greater than 80% and 40 J/gallon of produced
water are possible. Calculations show an average increase in revenue of approximately 2 million
dollars a year per well making the technology environmentally friendly and economically

attractive. A diagram of the proposed treatment cycle is shown in Figure 6 below.
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Figure 7. Enhanced Produced Water Treatment Cycle. Treatment cycle consisting of both
traditional and advanced pretreatment techniques, while implementing RED technology.

The process water leaving the hydraulic fracturing system will be treated for recycle.
However, some of the water cannot be recovered and requires replacement. By controlling the
mixing of this freshwater feed with the treated fracking water, RED systems can be implemented
to provide useful power for fracking operations. The resulting water energy recovered can then
be used in additional hydraulic fracking operations, reducing the overall water and energy

demands.

Conclusion

Salinity-gradient energy is one of the most promising untapped potentials in the
alternative energy sector, with reverse electrodialysis as a front-runner among the extraction
technologies currently being explored. Through this research the limitations in RED caused by
high stack resistance have been mitigated. With the use of ion-exchange wafers in RED, system

resistance is dramatically decreased, and thus a substantial increase in power density is observed.
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This technology also serves as a bridge to close the gap between lab-scale and practical
applications. It allows for the system to operate effectively at higher voltages, and uses the
effects of water-splitting that occur to an advantage. The dominant economic factor of using
RED as an alternative energy source is the price of the membranes. With this improved

application for wafer technology in the reverse electrodialysis process, it is possible to reach

power densities in the range of 2-5 W/m? depending on the system configuration, water quality,

and other constraints. Finally, this study considered incorporating RED technology into hydraulic

fracturing. Using RED, energy can be produced for fracking operations with water recycle

systems for a more environmentally friendly and economic hydraulic fracking process.
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Nomenclature

Neell Number of Cells

RED Reverse Electrodialysis
Reen Cell Resistance
Relectrode Electrode Resistance
Rioad Load Resistance

Riotal Total Stack Resistance
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Vapplied Applied Voltage

Veell pair Voltage Generated per Cell Pair
WE-EDI Wafer-Enhanced Electrodeionization
References

[1] J.W. Post, J. Veerman, H.V.M. Hamelers, G.J.W. Euverink, S.J. Metz, K. Nymeijer, et
al., Salinity-gradient power: Evaluation of pressure-retarded osmosis and reverse
electrodialysis, J. Memb. Sci. 288 (2007) 218-230. doi:10.1016/j.memsci.2006.11.018.

[2] N.Y. Yip, M. Elimelech, Thermodynamic and energy efficiency analysis of power
generation from natural salinity gradients by pressure retarded osmosis., Environ. Sci.
Technol. 46 (2012) 5230-9. doi:10.1021/es300060m.

[3] J.W. Post, Blue Energy : electricity production from salinity gradients by reverse
electrodialysis, Wageningen University, 20009.

[4] J.W. Post, H.V.M. Hamelers, C.J.N. Buisman, Energy recovery from controlled mixing
salt and fresh water with a reverse electrodialysis system, Environ. Sci. Technol. 42
(2008) 5785-5790. d0i:10.1021/es8004317.

[5] G.Z. Ramon, B.J. Feinberg, E.M. V. Hoek, Membrane-based production of salinity-
gradient power, Energy Environ. Sci. 4 (2011) 4423-4434. doi:10.1039/c1ee01913a.

[6] D.A. Vermaas, D. Kunteng, M. Saakes, K. Nijmeijer, Fouling in reverse electrodialysis
under natural conditions., Water Res. 47 (2013) 1289-98.
doi:10.1016/j.watres.2012.11.053.

[7] D.A. Vermaas, M. Saakes, K. Nijmeijer, Doubled power density from salinity gradients
at reduced intermembrane distance., Environ. Sci. Technol. 45 (2011) 7089-95.
doi:10.1021/es2012758.

[8] J. Veerman, M. Saakes, S.J. Metz, G.J. Harmsen, Electrical power from sea and river
water by reverse electrodialysis: A first step from the laboratory to a real power plant,
Environ. Sci. Technol. 44 (2010) 9207-9212. doi:10.1021/es1009345.

[9] P. Dlugotgcki, A. Gambier, K. Nijmeijer, M. Wessling, Practical potential of reverse
electrodialysis as process for sustainable energy generation, Environ. Sci. Technol. 43
(2009) 6888-6894. d0i:10.1021/es9009635.

[10] J. Veerman, M. Saakes, S.J. Metz, G.J. Harmsen, Reverse electrodialysis: Performance of
a stack with 50 cells on the mixing of sea and river water, J. Memb. Sci. 327 (2009) 136-
144. doi:10.1016/j.memsci.2008.11.015.

[11] R.D. Vidic, S.L. Brantley, J.M. Vandenbossche, D. Yoxtheimer, J.D. Abad, Impact of
shale gas development on regional water quality., Science. 340 (2013) 1235009.
doi:10.1126/science.12350009.

100



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

M. Elimelech, W.A. Phillip, The future of seawater desalination: energy, technology, and
the environment., Science. 333 (2011) 712-717. doi:10.1126/science.1200488.

H.R. Acharya, C. Henderson, H. Matis, H. Kommepalli, B. Moore, H. Wang, Cost
effective recovery of low-TDS frac flowback water for re-use, US Dep. Energy
Washington, DC. (2011).

S. Pawlowski, P. Sistat, J.G. Crespo, S. Velizarov, Mass Transfer in Reverse
Electrodialysis: Flow Entrance Effects and Diffusion Boundary Layer Thickness, J.
Memb. Sci. 471 (2014) 72-83. doi:10.1016/j.memsci.2014.07.075.

J. Veerman, R.M. de Jong, M. Saakes, S.J. Metz, G.J. Harmsen, Reverse electrodialysis:
Comparison of six commercial membrane pairs on the thermodynamic efficiency and
power density, J. Memb. Sci. 343 (2009) 7-15. doi:10.1016/j.memsci.2009.05.047.

R.D. Cusick, Y. Kim, B.E. Logan, Energy Capture from Thermolytic Solutions in
Microbial Reverse-Electrodialysis Cells, Science (80). 335 (2012) 1474-1477.
doi:10.1126/science.1219330.

K.S. Kim, W. Ryoo, M.-S. Chun, G.Y. Chung, Simulation of enhanced power generation
by reverse electrodialysis stack module in serial configuration, Desalination. 318 (2013)
79-87. doi:10.1016/j.desal.2013.03.023.

R. Banan Sadeghian, O. Pantchenko, D. Tate, A. Shakouri, Miniaturized concentration
cells for small-scale energy harvesting based on reverse electrodialysis, Appl. Phys. Lett.
99 (2011) 99-101. d0i:10.1063/1.3656279.

P. Dlugolecki, J. Dabrowska, K. Nijmeijer, M. Wessling, lon conductive spacers for
increased power generation in reverse electrodialysis.pdf, J. Memb. Sci. 347 (2010) 101-
107.

D. a. Vermaas, M. Saakes, K. Nijmeijer, Power generation using profiled membranes in
reverse electrodialysis, J. Memb. Sci. 385-386 (2011) 234-242.

J. Liu, G.M. Geise, X. Luo, H. Hou, F. Zhang, Y. Feng, et al., Patterned ion exchange
membranes for improved power production in microbial reverse-electrodialysis cells, J.
Power Sources. 271 (2014) 437-443. doi:10.1016/j.jpowsour.2014.08.026.

P. Dlugotecki, B. Anet, S.J. Metz, K. Nijmeijer, M. Wessling, Transport limitations in ion
exchange membranes at low salt concentrations, J. Memb. Sci. 346 (2010) 163-171.
d0i:10.1016/j.memsci.2009.09.033.

P. Dlugotecki, P. Ogonowski, S.J. Metz, M. Saakes, K. Nijmeijer, M. Wessling, On the
resistances of membrane, diffusion boundary layer and double layer in ion exchange
membrane transport, J. Memb. Sci. 349 (2010) 369-379.
doi:10.1016/j.memsci.2009.11.069.

T. Ho, A. Kurup, T. Davis, J. Hestekin, Wafer Chemistry and Properties for lon Removal
by Wafer Enhanced Electrodeionization, Sep. Sci. Technol. 45 (2010) 433-446.
d0i:10.1080/014963909035267009.

101



[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

A.S. Kurup, T. Ho, J. a. Hestekin, Simulation and Optimal Design of Electrodeionization
Process: Separation of Multicomponent Electrolyte Solution, Ind. Eng. Chem. Res. 48
(2009) 9268-9277. d0i:10.1021/ie801906d.

S. Datta, Y.J. Lin, D.J. Schell, C.S. Millard, S.F. Ahmad, M.P. Henry, et al., Removal of
acidic impurities from corn stover hydrolysate liquor by resin wafer based
electrodeionization, Ind. Eng. Chem. Res. 52 (2013) 13777-13784.
doi:10.1021/ie4017754.

B.G. Rahm, J.T. Bates, L.R. Bertoia, A.E. Galford, D. a. Yoxtheimer, S.J. Riha,
Wastewater management and Marcellus Shale gas development: Trends, drivers, and
planning implications, J. Environ. Manage. 120 (2013) 105-113.
doi:10.1016/j.jenvman.2013.02.029.

W.L. Ellsworth, Injection-Induced Earthquakes, Science (80-. ). 341 (2013) 1-7.

W. Gan, C. Frohlich, Gas injection may have triggered earthquakes in the Cogdell oil
field, Texas., Proc. Natl. Acad. Sci. U. S. A. 110 (2013) 18786-91.
d0i:10.1073/pnas.1311316110.

N. van der Elst, H.M. Savage, K.M. Keranen, G.A. Abers, Enhanced Remote Earthquake
Triggering at Fluid-Injection Sites in the Midwestern United States, Science (80-. ). 341
(2013) 164-167.

H. Meng, C. Peng, S. Song, D. Deng, Electro-regeneration mechanism of ion-exchange
resins in electrodeionization, Surf. Rev. Lett. 11 (2004) 599-605.

D.A. Vermaas, E. Guler, M. Saakes, K. Nijmeijer, Theoretical power density from
salinity gradients using reverse electrodialysis, Energy Procedia. 20 (2012) 170-184.
doi:10.1016/j.egypro.2012.03.018.

B. Freeman, Engineers improve recycling system used in fracking to save water and
energy, Membr. Technol. 2013 (2013) 7.

D.J. Miller, X. Huang, H. Li, S. Kasemset, A. Lee, D. Agnihotri, et al., Fouling-resistant
membranes for the treatment of flowback water from hydraulic shale fracturing: A pilot
study, J. Memb. Sci. 437 (2013) 265-275. doi:10.1016/j.memsci.2013.03.019.

102






Reverse electrodialysis with lon exchange Wafers for Improved Power Generation

Salient gradient energy holds tremendous potential for the sustainable production of
usable power worldwide. RED and PRO are the leading technologies for power generation from
salient gradient energy. PRO generates power through osmotic pressure from separating
freshwater and saltwater through a water permeable membrane whereas RED generates power by
separating freshwater and saltwater by ion permeable membranes. PRO is limited by fouling,
pressure generation, and turbine efficiencies, and RED is limited by fouling, solution
conductivity, and system electrical resistance. Currently, PRO and RED boast similar maximum

power densities, yet RED is the only technology where pilot operations have been implemented.

Chapter 5 discussed the performance of a carefully designed RED stack for power
generation using wafer enhanced electrodeionization (WE-EDI) techniques. Wafers resulted in
lower cell resistances as compared to traditional RED techniques. Gross power densities of 0.64
W/m? were obtained; however, correcting for the passive current applied during testing lowered
the gross power density to 0.29 W/m?. Accounting for the pumping energy and wafer
regeneration resulted in no usable power from experiments, implying that large scale systems
would be needed determine if wafer RED could be feasible. Theoretical predictions indicated
that application of RED to the hydraulic fracturing industry may provide beneficial power to the
industry, reducing the overall energy and cost of the fracking process. In order for RED
technologies to be implemented in industry, larger systems must be design which focus on

minimizing system resistances which ensuring the maximum voltage potential is maintained.

Future Work

Following the completion of these studies, there exist a multitude of experiments and

research investigations that can be pursued in order to further the science created and improved
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by the research described previously. Figure 1 presents possible research that may be pursued
based on the work described in this dissertation. Each topic represents a new research area that
can be pursued in the development of improved ED, EDI and RED technology. Several research

projects can impact multiple areas as described below.
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Continuous organic
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Figure 1. Future outlook of completed research progress. The top ovals indicate the work
presented in chapters 3-5. Each oval below this level briefly describes subsequent research
projects that can develop as a result of the work accomplished.

Research into the development of membranes specifically designed for ED and EDI in
non-aqueous solutions would improve separation efficiencies and broaden the applications these
techniques in which they are used. The main limitations caused by use of organic solvents in ED
are the reduction of ion mobility and the water co-transport. EDI techniques can solve the issues
of ion mobility, yet there still exists the water co-transport. The development of membrane that

limit water co-transport would result in higher purity products and greater longevity of organic
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solvents in ED and EDI. This research could occur through membrane modification of existing
ion exchange membranes or by synthesis of purely novel membranes designed for increased

interaction with organic solutions.

Improving the research of ionic liquid assisted electrodialysis can occur in several ways.
Investigations into different ionic liquids with unique properties may provide greater insight into
better solvents for ED and EDI. Ideally, modeling of ionic liquid parameters in a computerized
ED cell may allow screening of large quantities of ionic liquids in a short amount of time.
Further, running systems with real fermentation broth can result in information concerning
selectivity and fouling. Continuous operation of ED, EDI, and product removal would be

beneficial in terms of determining ionic liquid longevity and impacts of heating on ED systems.

A study into the development of wafers specifically designed for RED may lead to higher
power densities. Current wafer technology requires 1-1.5 V per cell pair to initiate water
splitting. Investigations in new wafer chemistries and ion exchange resin may lead to a reduction
of required energy for water splitting and enhance the monovalent ion transfer during power
production. Additional research into RED could look into determining power potential of wafer
RED by means of galvantostat measurements. Previous research in RED looked at manipulation
of current densities using a galvanostat and determined power densities through output voltages.
Application of this measurement technique may provide additional insight into the potential of
wafer enhanced RED for power generation. Finally, research into using real riverwater, seawater,
and industrial solutions can provide detail on the effects of fouling and divalent ions on
maximum power potential. Fracking solutions would be ideal in that a direct comparison and

model for RED systems in the fracking industry can be developed.
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Summary

This dissertation described the development of novel solutions to existing industrial
problems using ED, EDI, and RED. lonic assisted ED and EDI is capable of separating organic
acid products with separation efficiencies meeting current state-of-the-art standards.
Incorporation of wafers in RED decreased system resistances. Unfortunately, power densities
obtained did not meet the desired benchmark of 5 W/m?, an indication that much more research
must be done. Limitations to this work included the energy required for water splitting and the
system resistances continue to plague the power potential of RED systems. Through the work
described, insight into the performance of non-aqueous solutions in electrochemical systems was

gained.
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