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ABSTRACT

The demand for clean water has been increasing for several reasons, such as rapid
industrialization of developing countries, environmental pollution and climate change, and

development of biofuels and the resulting irrigation growth. To meet the needs for this growing

demand for clean water, desalination has become an appealing solution as saline water (brackish
water, seawater and brine) are the most abundant water source for most of the world. However,
desalination is energy and capital intensive compared to other water treatment processes, and
oftentimes it is not economically feasible. Current desalination technologies require further

engineering and development to become more sustainable in the long term. My Ph.D thesis is

focused on engineering of electromembrane desalination, which is a set of electrically driven

desalination technologies that utilize ion transport through ion exchange membranes. We

employed microfluidic platforms and numerical modeling tools for the study, for they help reveal
novel insights regarding the micro-scale details that are difficult to be discovered from the
conventional large-scale systems.

In this thesis, we consider three topics: i) engineering of structures that enhance mass

transport in electrodialyis (ED), ii) techno-economic analysis of ion concentration polarization
(ICP) desalination for high salinity brine treatment, and iii) development of electrocoagulation
(EC) - ion concentration polarization (ICP) desalination hybrid that removes dissolved ions and
non-ionic contaminants from water in a single device.

First, we employed an electrodialysis (ED) system as a model to investigate the mass

transport effects of embedded microstructures, also known as spacers, in electromembrane

desalination systems. The spacer engineering is especially critical for low salinity (i.e., brackish

water) desalination, where the mass transport in the solution is a dominant contributor to the

electrical energy consumption in the system. Parametric studies of the spacer design revealed
that small cylindrical structures effectively re-distribute the local flow velocity and enhance mass

transport in the system. Furthermore, we found that relative diffusivities of cation and anion in

the solution should be considered in designing the spacer and that the optimal design should



maximize the mass transport while keeping the effect on the hydrodynamic resistance small.
Next, we built an empirical model to estimate an electrical energy consumption of ICP
desalination and utilized it to obtain the water cost and optimal operating parameters for high
salinity applications. We performed cost analyses on two specific cases (i.e., partial desalination
of high salinity brine to the seawater level, and brine concentration for salt production) and
compared the performance with mainstream desalination technologies for each application.
Lastly, we combined two electrical water treatment technologies and created an EC-ICP hybrid
for total water treatment, which removes dissolved ions and non-ionic contaminants from the
feed solution. We demonstrated a continuous EC-ICP operation that successfully removed salt
and suspended solids. Our system is flexible in terms of the system size, and the type and
concentration of contaminants it can handle, and thus it can find applications as a portable water
treatment system.

Thesis Supervisor: Jongyoon Han
Title: Professor of Electrical Engineering and Computer Science and Professor of Biological
Engineering

Thesis Supervisor: Karen K. Gleason
Title: Alexander and I. Michael Kasser Professor of Chemical Engineering
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1. INTRODUCTION

1.1 Overview of desalination

1.1.1 Growing need for clean water

Securing supply of clean water is progressively becoming challenging for several

reasons. Emerging economy in many countries increases water use per person as a result of rapid

industrialization without appropriate wastewater treatment system[1]. According to World

Health Organization, more than 2.5 billion people (about 40% of the population) do not have a

proper sewer sanitation system[2]. Growing pollution and the climate change also reduce fresh

water availability[1,3]. As the energy paradigm shifts to biofuels, demand for irrigation water for

crops may increase[4]. To resolve this growing demand for clean water, desalination is an

appealing solution as saline water (brackish water, seawater and brine) are the most abundant

water source for most of the world, composing 97.5% of the total water on earth[5]. It is

projected that by 2050, the required desalination capacity would reach one billion cubic meter

per day[6] as the newly contracted capacity of desalination plants is forecasted to grow over the

next few decades [7].

However, the challenge is the high cost for desalination, which often renders it

economically infeasible. With this growing demand for clean water, the current desalination

methods are not sustainable in the long term. Therefore, it is imperative to develop an alternative

desalination technology, with improved energy and cost efficiency, simple deployment and

operation, and environmental sustainability.
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1.1.2 Desalination performance indicators

There are several performance indicators to consider when assessing desalination

technologies. Here, we explain the salt removal ratio, recovery ratio, specific energy

consumption, and specific water cost. These terms will be used throughout the thesis to discuss

the performance of various desalination technologies.

Salt removal ratio (SRR), or "salt removal" for short, represents how much salt is

removed from the diluate stream (i.e., product). A higher SRR indicates a purer product stream

for a given feed.

SRR = Cfeed -Cdiluate

Cfeed

where Cfeed and Cdiluate represent the feed and the diluate concentrations, respectively.

Recovery ratio (RR), or "recovery" for short, represents the ratio of the product volume

to the feed volume. RR is expressed with volumetric flowrate for a continuous process and with

solution volume for a batch process. The product is usually desalinated water, but it can be the

concentrated stream in some cases, such as a brine concentration process. A high recovery is

favorable because it indicates more useful water is produced for a given feed.

RR= Q = Voc

Qf,,d Veed

where Qfeed and Qdiluate represent the volumetric flowrate of the feed and the product,

respectively, and Vfeed and Vproduct represent the volume of the feed and the product, respectively.

15



Specific energy consumption, or "energy consumption" for short, is the energy required

to obtain a unit volume of product water. The energy here can be in the form of thermal or

electrical energy or both, depending on the desalination technology. In this thesis, the energy

consumption will be expressed as kilo-Watt-hour per cubic meter of product water (kWh/M 3).

Specific water cost, or "water cost" for short, is the cost to produce a unit volume of

product water. The total water cost accounts for the capital and the operating costs. Since choice

of desalination technology is mainly a cost-driven decision, specific water cost is the most

important metric to evaluate the economic feasibility of a desalination technology. In this thesis,

the water cost will be expressed as U.S. dollar per cubic meter of product water ($/m 3).

1.1.3 Current desalination technologies

Water treatment process is divided into desalination and pre/post-treatment of

desalination to remove particles, chemicals, and other potential contaminants that can potentially

hinder the desalination process. In this section, well-established desalination technologies that

are currently used in the desalination market are briefly reviewed. Desalination technologies are

largely categorized into two types: thermal and membrane technologies.

The basic principle of thermal desalination is vaporization of water from a saline solution

by the use of thermal energy and condensation to obtain freshwater. The main thermal

desalination technologies are multi-stage flash (MSF) and multi-effect distillation (MED). The

thermal technologies were developed before membrane desalination, and they dominated the

desalination market until 2000, after which membrane desalination, namely reverse osmosis, had

surpassed their capacity[8]. The advantages of thermal desalination are that its energy

consumption is relatively insensitive to the feed water salinity and the product water contains
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very low amount of TDS. In addition, it requires less rigorous pretreatment, compared to

membrane desalination, although the process suffers from scaling. However, thermal

desalination is generally energy-intensive (18 - 30 kWh/M 3 for MSF and 8 - 12 kWh/m3 for

MED[9,10]), and requires high-grade thermal energy. Because thermal desalination requires

low-pressure steam, the plants are usually built adjacent to power plants[1 1]. The technology has

significant economy of scale, therefore the plants are generally large and thus immobile, and the

capital investment is high.

Membrane desalination uses membrane as a physical barrier to separate dissolved ions

from saline water under various driving forces, such as pressure difference and

electrical/chemical potential. Reverse osmosis and electrodialysis are two commercially

available membrane desalination technologies. Electrodialysis is an electrically driven membrane

desalination technology and will be discussed in detail in Section 1.2. Reverse osmosis (RO), in

which pressure is applied to drive water transport from the saline feed to the fresh permeate, is

the state-of-the-art technology for desalination of brackish and seawater and constitutes over 60%

of the current desalination industry[12]. RO enjoys low energy consumption (0.13 - 0.79

kWh/M 3 for brackish water RO[1l] and >1.8 kWh/M 3 for seawater RO[13]), compared to

thermal desalination. Although it is an energy and cost efficient process, RO desalination is

limited to the feed salinity around the seawater level because a large concentration difference

between the feed and the product leads to a large pressure drop that cannot be tolerated by the

membrane[8,14]. RO systems are modular in design and thus scalable and can be mobile[1 1].

Because a large pressure is applied across the RO membrane, the membrane is prone to fouling,

so an extensive pretreatment must precede RO, raising the total water cost.

The technologies discussed above are plotted together in

17



Figure 1.1. The different desalination technologies have their unique characteristics, which can

become advantageous or disadvantageous depending on the situation. There are numerous

factors that can affect the water management decision and the choice of desalination technology,

including economic, technological, infrastructure, and environmental/regulatory considerations.

Therefore, there is not a single best desalination technology; instead, ideal desalination

technology will be specific to each case.

Thermal desalination
Crystal-

0 lization

o Electro- Reverse Osmosis
dialysis

E

10k 30k 47k 200k

Feed salinity (mg/L)

Figure 1.1 Current desalination technologies plotted with their typical feed salinity and system
size.

1.2 Electromembrane desalination

Electromembrane desalination is a membrane desalination technology that utilizes

selective ion transport through ion exchange membranes with electric potential as the driving

force. Unlike typical membrane desalination processes, such as reverse osmosis, in which water

molecules are transported through the membranes and dissolved ions are screened,

18



electromembrane desalination relies on transport of ions through the ion exchange membranes

while water mostly remains in its original compartment. There are various types of

electromembrane desalination: electrodialysis, electrodeionization, membrane capacitive

deionization, and ion concentration polarization desalination. In this thesis, we will focus on

electrodialysis, which is the most well-established and commercialized electromembrane

technology, and ion concentration polarization desalination, which is similar to electrodialysis in

construction, materials and operation.

1.2.1 Ion transport around ion exchange membranes

To explain how electromembrane desalination works, it is important to understand the

ion transport around ion exchange membranes (IEMs). Ion exchange membrane is a functional

material that allows selective transport of ions. IEMs are largely categorized into anion exchange

membranes (AEMs) and cation exchange membranes (CEMs). Cation (anion) exchange

membrane is composed of a polymer matrix with fixed negatively (positively) charged groups.

As shown in Figure 1.2, mobile cations, which are referred as counter-ions, are in equilibrium

with the fixed anion; mobile anions, referred as co-ions, are excluded from the membrane matrix

because they have the same charge as the fixed anions. Similarly, the anion exchange membranes

are preferentially permeable to anions and exclude cations. This charge-based exclusion, known

as Donnan exclusion, results in the permselectivity of the ion exchange membranes[1 5,16].

The ion transport around the IEMs can be described mathematically with a set of

governing equations. The following model assumes dilute electrolyte and no chemical reactions.

Nernst-Planck equation describes the ion transport in the electrolyte solution. The

equation describes three modes for ion transport: diffusion, electro-migration, and convection.
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- V (DVcj + MzFc1Vcp) - u Vcj
at

where ci, Di, Mi, and zi are the concentration, diffusivity, mobility and charge number of species i,

respectively, F is the Faraday's constant, cp is the electric potential, and u is the flow velocity.

Poisson's equation relates the electric potential to the charge distribution in the electrolyte.

V -(Vp) = zFcj =p,

where E is the permittivity and pe is the free charge density. Navier-Stokes equation is used to

describe the flow velocity profile.

p( +U-VU -VP + V 2u- PV
at

V-u=O

where p is the fluid density, q is the fluid viscosity, and P is the static pressure. Poisson-Nernst-

Planck (PNP) equations describe an electro-diffusion model in electrolyte, and the Navier-Stokes

(NS) equation describes the fluid velocity profile. Combined, these equations describe an

electrokinetic system. With appropriate boundary conditions, they can describe the ion transport

around the ion exchange membranes as well as the bulk electrolyte[16-18].

Ion concentration polarization

The counter-ion concentration around the IEM is much different from the bulk solution

due to the difference in counter-ion conductance between the bulk and the membrane. The co-ion

is not conducted through the IEM, but the co-ion concentration profile follows that of the

20



counter-ion in order to satisfy electroneutrality. Figure 1.3 shows the concentration profile

around a CEM. Because the cation (counter-ion) conductance inside the CEM is much faster

than that in the bulk solution, the cation concentration on the left side (anode side) of the CEM is

lower than the bulk, and the cation concentration on the right side (cathode side) is higher than

the bulk. This uneven distribution of ion concentration near the interface between bulk solution

and a membrane or electrode is known as concentration polarization (CP). Concentration

polarization creates an ion depletion region, which has ion concentration much lower than the

bulk value and thus a high electrical resistance, and results in a large electric potential drop in the

system. Therefore, CP imposes a limit on ion transport; it is a major challenge in

electromembrane desalination systems[16,17,19].

Current-voltage response

Current-voltage response is a characteristic of electromembrane desalination systems,

such as electrodialysis and ICP desalination, and an indicator of mass transport efficiency. A

typical current-voltage response has three regimes (see Figure 1.4). The first of the three is

commonly known as 'Ohmic regime'[18, 28], in which the ion flux increases linearly with an

increasing driving force (electric potential). As the applied voltage increases, the ions in the

boundary layers are depleted faster than they are supplied from the bulk by diffusion (i.e.,

concentration polarization); a further increase in the potential can no longer increase the ion flux,

shown by the plateau region in Figure 1.4. This plateau of current due to the diffusion limit is

known as the limiting regime, and the current at the transition between the Ohmic and the

limiting regimes is termed limiting current. Because this limiting current indicates the limit of

ion transport rate, it is used as a metric for how efficient mass transport is in electromembrane

desalination systems. After the limiting regime, a further increase in the potential drop leads to a
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new mode of ion transport, termed overlimiting regime, which resulted from various types of

instability in the system and is evidenced by the positive slope after the plateau in the current-

voltage response [15].

a)
Courter-ion

e Couter-lon 0 Co-ion eFixed ion

w Polymer matrix

Figure 1.2 Pathway for cation (counter-ion) in cation exchange
permission from [15])

E

annde

I1
---

-r11CO01

bulkj N*dV

0N-

*udfusion hayr

membrane (reprinted with

cahode

vww prtoronsy
pembe be toulons

bulk
No

Ion Depledon Zone Ion Enrchment zone

Figure 1.3 Ion concentration polarization around
permission from [19])

a cation exchange membrane (reprinted with
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U [V]
Crenl density is not lirMed Eleciro oonvwcion and water spiting
and resistance is detenmined leads to wertiriling current and
by Ohm s lw decreasing resistance

Ion depletion at the membrane surface
In the diluate cell due to concentration
polarization which limits the current

Figure 1.4 Typical current-voltage response in a system with an ion exchange membrane

(reprinted with permission from [15])

1.2.2 Electrodialysis and ion concentration polarization (ICP) desalination

In electrodialysis (ED), an electrolytic cell is divided by alternating cation and anion

exchange membranes, and an electric current is applied perpendicular to the flow, selective ion

transport create alternating concentrate and diluate channels (Figure 1.5a). ED is a bipolar

conducting system, where anions and cations both conduct the current by passing through the

AEM and CEM, respectively; ion depletion zones are created on both sides of the diluate

channel, reducing the total salt concentration in the channel. In ion concentration polarization

(ICP) desalination, the channels are divided with identical IEMs (CEMs in Figure 1.5b). Here,

we will consider an ICP desalination system with the CEMs for the following discussion. ICP

desalination is a unipolar conducting system, where only cations migrate across the membranes.

Because anions migrate towards the anode but cannot cross the CEM while cations travel

23
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towards the cathode across the CEM, an ion enrichment zone forms near the CEM on the anode

side (top CEM in the figure), and an ion depletion zone near the CEM on the cathode side

(bottom CEM in the figure). The channels are bifurcated at the outlet to extract the desalted and

concentrate streams that are recovered from the ion depletion and enrichment zones, separately

[20,21].

Compared to ED, ICP desalination with CEMs inherently has a higher current efficiency,

owing to the different electrical mobility of sodium and chloride ions, which are the major

contributors of salinity in water. Current efficiency (CE) is defined as the ratio of the current

used to remove ions to the total current applied; it can be written as

salt removal f lux
f lux through membrane

Since sodium and chloride ions are both monovalent, the current can be represented by flux of

the ions. In ED, because the system is bipolar conducting, the flux through the membranes is the

sum of the flux of Na+ and Cl-, which is also equal to the salt removal flux (Figure 1.5a).

Therefore, the CE of the system is 1.

ICEM = JAEM INa + JCl

CE Isalt removal _ INa + ICL

Imembrane INa + ICl

In ICP desalination, the flux through the membrane (CEM) is still the sum of the flux of Na+ and

Cl-. However, ICP desalination is based on unipolar conduction of Na+; it allows Cl-, which has a

higher electrical mobility, to relocate to the other side of the membrane more efficiently, thus

enhancing the salt removal (Figure 1.5b).
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JCEM = JNa + JCl

CE =-Isalt removal - 2JCl > ~1.2
Imembrane INa + Cl

Therefore, the CE is higher for ICP desalination with CEMs. By the same principle, ICP

desalination with AEMs has a CE less than 1; consequently, the salt removal ratio is also lower

compared to ED or ICP desalination with CEMs. In this thesis, we will only consider ICP

desalination with CEMs, for it has an advantage over ED in terms of current efficiency[16,20].

The bifurcating outlet in ICP desalination provides another benefit of particle removal

along with salt removal. In most cases, the saline water contains pollutants other than salt ions.

Since most particles have some sort of charge on the surface, they are also repelled from the ion

depletion zone and can be removed through the concentrate stream. The particulate removal

capability is valuable because it makes ICP desalination more robust against fouling, which is a

challenge for membrane-based systems [21,22].

Electrodialysis is commonly known to efficiently desalinate brackish water, in the range

of 1,000 to 8,000 mg/L[11,15]. However, electromembrane desalination technologies, such as

ED and ICP desalination, may have favorable operation for high salinity applications because the

high salinity enhances electrical conductance of the solution and leads to a lower electrical

resistance and energy consumption. Several works have investigated and demonstrated potential

of ED [23-25] and ICP desalination[21,26] for high salinity brine treatment. Electromembrane

desalination at very low salinity is limited because the low limiting current at low salinity

requires a large membrane area and hence a high capital cost.

25



Electromembrane desalination has several advantages over other desalination

technologies. Electrodialysis can achieve a high recovery (up to 90%) since, unlike RO, there are

no osmotic pressure limitations to the salinity of the concentrate stream[15]. On the other hand,

the recovery of ICP desalination is inherently limited to 50% due to its bifurcated outlet design.

In general, the pretreatment requirement for ED and ICP desalination is less strict than it is for

RO due to the high mechanical and chemical stability of the IEMs and the reverse polarity

operation [11,15]. Similar to other membrane desalination systems, ED and ICP desalination are

modular systems and hence scalable. Since electromembrane desalination relies on transport of

ions, rather than transport of water, it has a unique capability of partial desalination, in which the

product water concentration can be adjusted. A combination of these features provides

electromembrane desalination with potential in various niche applications, including partial

desalination for surface water discharge and salt concentration for zero-liquid discharge.

a+Anode Anode(a) a+ Anod

Cathode C-r
CathodeCathode

Figure 1.5 Schematic of (a) electrodialysis and (b) ion concentration polarization desalination
(modified from Kim et al. [21])
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1.3 Microfluidic engineering of electromembrane desalination

Eletrodialysis, which is the most well-established electromembrane desalination

technology, is often considered a mature technology. However, the system parameters in ED are

not fully optimized or characterized mainly due to the scientific complexity of the ion transport

phenomenon in ED. In an industrial scale ED system, the engineering of the process has been

done through a "black box" approach, in which the input parameters (e.g., current or voltage,

flowrate, channel geometry) are varied, and the performance is evaluated based on the output

(e.g., voltage or current, product concentration). A systematic engineering of the process requires

detailed, microscopic system characterization [27]. Microfluidic platforms allow such

characterization as they enable in situ visualization of ion concentration and flow velocity

profiles. In fact, electrodialysis is essentially a massively parallelized microfluidic system, for it

is a scaled-up two-dimensional system with channel dimensions in the range of microfluidics

(channel width is 0.5mm - 2mm). Therefore, microfluidic engineering of ED, and other

electromembrane processes, can provide scientific insights that were previously undiscovered

and facilitate systematic engineering for better performance.

1.4 Thesis objectives

The overarching objective of this thesis was to study various aspects of engineering

electro-membrane desalination technologies to achieve overall improvements, namely expand

their use to a wider range of applications. I employed microfluidic platforms in these studies to

gain scientific understanding of the micro-scale details of the processes, which can be utilized for

their systematic engineering and optimization. By incorporating the findings from these studies,
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and integrating them into a process, this thesis contributes to overall improvement of

electromembrane desalination technologies.

To achieve the objective of improving the electro-membrane desalination, the thesis is

divided into three parts. First, I aimed to expand the use of brackish water electrodialysis to a

wider range of salinity by enhancing mass transport via structures in the diluate channels. In

Chapter 2, I employed microfluidic experiments and numerical modeling to design the optimal

structures that accounts for the asymmetry of cation and anion diffusivities. In Chapter 3, I

continued the design of the structures with numerical modeling and optimized the size and the

horizontal location. Secondly, I evaluated the techno-economic feasibility of electromembrane

desalination in new applications of high salinity brine treatment. Specifically, I performed

techno-economic analyses of ICP desalination, a relatively new electro-membrane technology,

for partial desalination and brine concentration in Chapter 4. Lastly, in Chapter 5, 1 developed a

total water purification system, named EC-ICP hybrid, that integrates an electrochemical

pretreatment technology (electrocoagulation) and an electromembrane desalination technology

(ICP desalination) into a single device.
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Figure 1.6 Desalination technologies plotted with their typical feed salinity and system size,
with electromembrane desalination applications expanded based on this thesis.
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2. MASS TRANSPORT ENHANCEMENT USING MICROSTRUCTURES IN

ELECTRODIALYSIS

The published journal paper (B. Kim, S. Choi, VS. Pham, R. Kwak, and J. Han, Journal of

Membrane Science 524, 280 (2017)) was used in its entirety for Chapter 2,with minor updates

and modifications. S. C., B. K., and J. H. conceived the idea and designed the study, wrote the

manuscript. B. K carried out the experiments and analyzed the data. S. C. and V S. P. carried

out the simulations and analyzed the data. J. H. supervised the study.

2.1 Introduction

Currently, reverse osmosis (RO) is considered the leading technology in the field of

desalination, and the operation efficiency of RO has been significantly improved over the last

two decades, mainly by energy recovery and other optimization. On the other hand,

electromembrane desalination can be more advantageous in certain applications due to the

flexibility of allowed feed conditions and the low capital cost needed (size of system is generally

small). Modeling and optimization of electromembrane desalination systems, such as

electrodialysis (ED), have been challenging, largely due to the multiphysics nature of its ion

transport process. Despite these challenges, much progress has been achieved in understanding

the transport process around ion exchange membranes (IEMs) through experiments and

modeling. [1-11] The scientific knowledge obtained from these studies can be solid stepping-

stones to be utilized in engineering of electrodialysis and other electromembrane processes,

specifically in optimization of spacers in ED.

In an electrochemical system, ion transport near ion exchange membranes and electrodes

induces inevitable concentration polarization [12] (i.e., formation of diffusion boundaries) due to

the difference in ion transport number between the solution and the IEMs. The resulting
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diffusion boundary layer (also known as ion depletion region) on the surface of

membrane/electrode increases the electrical resistance [13], and hence concentration polarization

(CP) is a limiting factor for improving the efficiency of electrodialysis, as well as other electro-

membrane processes, including reverse electrodialysis (RED) [14, 15] and membrane capacitive

deionization [16, 17]. Concentration polarization impedes mass transport by creating a high

electrical resistance in depletion zones (e.g., diluate channels of ED; see Figure 2.la) and

increases the overall energy consumption [14, 18]. The effect of concentration polarization will

be diminished with an increased intake flowrate [19, 20] (Figure 2.1 b), but only at the cost of a

lower salt removal ratio in spite of higher amount of salt removed from the feed solution. Given

the fixed intake flowrate, mass transport can be enhanced via "mixing promoters", such as

spacers [14, 18, 21, 22], corrugated membrane and electrode surfaces [23-27], ion conducting

spacer [28, 29], pulsating flow [30], and air bubbling [31]. Yet, these methods to reduce the

electrical energy consumption are accompanied by a significantly larger pressure drop due to an

increased hydrodynamic resistance. Moreover, non-conductive mesh spacers, which are the most

common means of mass transport enhancement in the ED and RED practice, have "shadow

effect" [28], meaning that parts of membrane/electrode area are "shadowed" by the mixing

promoter structures and reduce the effective surface area. The ion conducting spacers do not

suffer from the shadow effect, but they are much more costly. An ideal spacer should be able to

enhance the mass transport with a minimal increase in hydrodynamic resistance and is made of

low cost material. More importantly, the aforementioned methods were developed without

considering the asymmetric nature of cation/anion transport although different thicknesses of

concentration boundary layers have been observed [32, 33].



In this work, we aimed to carry out a systematic analysis of mass transport enhancement

in ED processes, by considering the difference in the anion and the cation transport, which arises

from their difference in diffusivity. We demonstrated mass transport enhancement in an ED

system by employing simple structures (with a relatively small increase in hydrodynamic

resistance) inside the diluate channel, which perturb the flow profile locally, as shown in Figure

2.1c. These structures re-direct the flow to suppress (or expand) the concentration boundary

layers and thus decrease (or increase) the electrical resistance. Our strategy is to maximize the

flow velocity near the walls, which results in a relatively reduced flow in the center, to enhance

mass transport. While it is in line with the previous studies that reduced resistance with an

enhanced flow [19, 34], we examined the relation between the overall electrical resistance and

the different diffusion boundaries on anion and cation exchange membranes (AEMs and CEMs),

via experiments and multiphysics numerical modeling. We reveal novel insights on how to

engineer optimal spacers given the asymmetric diffusivity of anions and cations in the feed. This

is, to the best of our knowledge, the first study to consider the asymmetry of ion pair diffusivity

into enhancing mass transport in electromembrane processes.

We demonstrated our ideas in a microfluidic model ED system [32], which can correlate

the electrical response of the system with visualization of the flow and the ion concentration

profiles. In addition, a direct numerical modeling of the system [35, 36] was used in order to

elucidate the underlying mechanism behind the observed trends. Combined, the methodologies

used in this study provide a well-defined, generally applicable strategy for model-based

engineering and optimization of various electromembrane systems such as ED.
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Figure 2.1 a) Schematic view of electrodialysis (ED). Color gradient indicates ion concentration
profile. Electrical currents and constant forced flow are applied. Post structures are introduced in
the red-boxed area whose details are described in b) and c). b) Velocity profile of the solution is
drawn with a solid line, and the corresponding diffusion boundary layer for the solution of NaCl
(a=Na, p=Cl) is drawn with a dotted line. The arrows represent the flux through the membrane.
Blue on the right indicates a higher average velocity, compared to red on the left. A higher
velocity results in lower salt removal ratio (SRR) but also a lower electrical resistance (R). C)
Description of post geometry. Dpost represents the diameter of posts; dCEM and dAEM are the
minimum distance from the post to the CEM and the AEM, respectively. The average velocities
above and below the posts are defined as UHPAEM and UHPCEM, respectively. The thickness of
the diffusion boundary layers on the AEM and the CEM are termed as dblAEM and 6 biCEM-

2.2 Design of study

2.2.1 Definition of post-to-membrane distance

The post structures (intended to be representatives of typical "mixing promoters" or

spacers, used in previous studies) were only considered inside the diluate channel since the ion

depletion boundary and the consequent amplification of electrical resistance is only found in

diluate channels. As illustrated in Figure 2.1c, Dpost represents the diameter of posts; dCEM and

dAEM are the minimum distance from the post to the CEM and to the AEM, respectively. The

distance d' is defined as the ratio of dCEM to the sum of dCEM and dAEM, i.e., d' =

dCEM/(dCEM+dAEM). The cylindrical posts were placed in a symmetrical manner around the center
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(d'=0.5). For example, d'=O.1 I and d'=0.89 are equidistant from the CEM and from the AEM,

respectively. The average velocities above and below the posts are defined as UHPAEM and

UHPCEM, respectively. The thickness of the diffusion boundary layers on the AEM and the CEM

are termed 6biAEM and 6 b_CEM- We only considered the effect of d' on the boundary layer

modification, and hence the size and the frequency of the posts were kept constant.

2.2.2 Microfluidic electrodialysis platform

The fabrication of a microfluidic ED device has been developed in our group previously,

and the detailed fabrication process is found elsewhere [32]. In the microfluidic experiment, a

charged fluorescent dye (Alexa 488 Fluor@, Invitrogen) was added to track the ion concentration

profile within the channel, which can be observed under a microscope. The fluorescent dye

concentration is relatively low (-I M), compared to the total ion concentration (10mM), and

thus the dye does not affect the current flow. This method of ion concentration tracking with

fluorescent dye has been used in previous studies to observe ion concentration polarization. [37,

38] In order to accurately measure the voltage drop across a unit ED cell pair, Ag/AgCI

electrodes were inserted at the center of two concentrate channels, as shown in Figure 2.2a, while

a constant current was applied from the anode to the cathode. (Detailed experimental setup is

described in Section 2.7.1.)
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Figure 2.2 a) Schematic of ED device used in the experiments. The solutions were introduced by
syringe pumps. The flowrates were 50pL/min for brine and dilute channels and 250pL/min for
rinsing channels. The concentration of the solutions was 10mM (of NaCl or KCI). A constant
current was applied, and the voltage was measured for a single cell pair (from the center of a
brine channel to the center of the other brine channel). The process was visualized in the red-
boxed area. The conductivity of the desalinated solution was measured at the outlet. b) Actual
microfluidic ED device. Colored dye was introduced to visualize the channels. Blue represents
diluate; red represents concentrate; yellow represent rinsing channel.

2.2.3 Numerical modeling

Simulation results were obtained by a direct numerical simulation. which was developed

by Pham el al. [35] The simulation relies on the direct, coupled solution of the full set of

Poisson-Nernst-Planck and Navier-Stokes equations. In this work, we used a 2D modeling of ED

systems, while a full 3D modeling of electromembrane systems have been reported recently. [36]

(Detailed method and simulation setup are described in Section2.7.2.)
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2.3 Characterization of ion concentration profile and current-voltage response

The concentration of sodium chloride (NaCI) inside the diluate channels with different

post-to-membrane distances (d') was visualized with charged fluorescent dye molecules in

Figure 2.3a. It should be noted that the dye was used only for the qualitative comparison of the

relative depletion layer thicknesses among the different post designs. The dark zones near the

membranes roughly represent the ion depletion boundary layers. The three microscopic images

for each structure design correspond to the three ion transport regimes of the current-voltage

response shown in Figure 2.3b. The first of the three is commonly known as 'Ohmic regime'[18,

28], in which the ion flux increases linearly with an increasing driving force (electric potential).

It should be noted that the potential in this regime is contributed by Donnan potential, in addition

to the Ohmic resistance of the membranes and the solution [39]; following the conventional

nomenclature in the field, this regime will be referred as 'Ohmic regime'. In Figure 2.3a, the

concentration profile in the Ohmic regime is characterized by a thin layer of depletion on the

membranes. As the applied voltage increases, the ions in the boundary layers are depleted faster

than they are supplied from the bulk by diffusion; a further increase in the potential can no

longer increase the ion flux, shown by the plateau region in Figure 2.3b. This plateau of current

due to the diffusion limit is known as the limiting regime, and the current at the transition

between the Ohmic and the limiting regimes is termed limiting current. The concentration profile

in the limiting regime in Figure 2.3a shows a dark and thick boundary layer, compared to the

Ohmic regime. With a further increase in the potential drop, a new mode of ion transport sets in,

termed overlimiting regime, which is evidenced by the positive slope after the plateau in the

current-voltage response. An electroconvective flow is behind the overlimiting current behavior
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[5, 40] in planar membrane systems such as ED and can be observed with the vortices on the

IEM in the overlimiting regime, as shown in Figure 2.3a.

In order to quantify the effect of structure location on the overall ion transport, we studied

an ED system with cylindrical posts placed at a varying d', which represents the relative distance

from the posts to the membranes. A channel with no post structures was also studied as a control

case. Under a constant flowrate, each post position, defined with d', provides unequal average

flow velocities (UHPAEM and UHP CEM) from two sides of the posts by allocating different

hydrodynamic resistances. The concentration gradients in Figure 2.3a show that when the posts

are closer to a membrane, the depletion layer becomes thicker, suggesting a slower local velocity

near that membrane. Depending on the location of the posts, the boundary layer can be made

either thinner or thicker, compared to the channel with no structures. Since the depletion layer

thickness is directly related to the efficiency of mass transport, we can expect that mass transport

can be either facilitated or inhibited by the position of the posts. The current-voltage responses

both in the experiment and in the simulation (Figure 2.3b and c) show that the current-voltage

curve (IV curve) for posts near the center (or near the IEMs) is above (or below) that for the

control. Our results clearly indicate that simple and small post structures can enhance the mass

transport even in a laminar flow (Re < 1; Values of Re are specified in Section 2.7.1), in the

absence of turbulent mixing.

It is noteworthy that the depletion layer thickness near the CEM and the AEM (i.e.,

6 blAEM and 6 blCEM) could be different, even in the absence of flow modification by structures

(i.e., control design). Zabolotskii et al [41] and Shaposhnik et al [42] have reported different

concentration profiles adjacent to the CEM / AEM based on their numerical and experimental

studies, respectively. In case of NaCl solution, the difference in diffusion boundary layer arises
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from the different diffusivity of sodium (DNa+ =1.33x10^ 9m 2/s) and chloride ions (Dci= 2.03x10-

9 2/S), as explained in Kwak et al. [33, 43] The asymmetry of cation/anion diffusivity leads to

asymmetry in the IV responses in relation to the post location d'. In Figure 2.3b and c, the

experiments and simulation both show that the maximum mass transport is achieved when posts

are located slightly closer to the AEM side. This trend is in agreement with the visualization

results that the structures on the AEM side generally provide a thinner depletion layer thickness

(see the enlarged images in Figure 2.3a).
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Figure 2.3 a) Fluorescent images of dilute stream in Ohmic, limiting and overlimiting regime for
different d'. Charged fluorescent dye was used to visualize local ion concentration and especially
the depletion boundary layers. On the right are enlarged images of three channel designs in the
overlimiting regime to show the asymmetric boundary layers on the membranes. b) Current-
voltage response from experiments. c) Current-voltage response from simulation. In current-
voltage curve, electrical resistance is represented by the slope. The location of the posts and the
corresponding d' are indicated below the plots.
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2.4 Effect of asymmetry in cation/anion diffusivity

We also carried out a detailed quantitative analysis on the asymmetry in mass transport

with respect to the post-to-membrane distance (d') by plotting the limiting current density. As it

is a common practice to operate ED at the current level of 80% of the limiting current [28], the

improvement on the limiting current should be an appropriate metric for mass transport

enhancement. Plotted in Figure 2.4a is the limiting current corresponding to the experimental and

simulation results from Figure 2.3, as a function of the post-to-membrane distance (d'). In

general, the limiting current increases as the post location varies from the membranes towards

the center of the channel. However, the plot is shifted towards the AEM side with the maximum

current measured off the center when the posts are located around d' = 0.6 (d'=0.67 for

experiment and d'=0.6 for simulation). We postulated that this trend is due to the asymmetry in

ion diffusivity, as discussed with Figure 2.3. In order to verify our hypothesis regarding the

asymmetrical distribution of the depletion region, further experiments and simulation were

conducted with potassium chloride (KC1), whose cation and anion diffusivities are close to each

other. The results for the potassium chloride solution support our explanation, as can be seen by

the maximum limiting current density observed at d'=0.5 (posts at center) and the symmetrical

shape of the plot for both simulation and experiments (Figure 2.4b).

In order to examine the correlation between the formation of diffusion boundary layer

and the enhancement of the limiting current density observed in Figure 2.4a and b, we visually

explored the ion concentration gradient for sodium chloride and potassium chloride and the flow

velocity profile through numerical analysis (Figure 2.4c). We only considered the Ohmic and the

limiting regimes, in which the electroconvection is absent. Comparing the data for the control

case (no post), the concentration gradient near the AEM and CEM is symmetrical for KCl; for
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NaCI, the concentration gradient near the CEM is larger (i.e., depletion region is thicker) than

that near the AEM due to the faster escaping velocity of co-ion (CI-) on the CEM side. Observing

the cases of NaCl at d'=0.6 and KCl at d'=0.5, we can conclude that the mass transport is

maximized when the depletion boundary layers from both membranes are similar in size, as can

be seen by Figure 2.4c. On the contrary, a thick depletion layer near either of the IEMs

determines the extent of mass transport reduction since a strong depletion layer is a major

contributor to the overall electrical resistance in the system. Therefore, one can achieve a

maximum mass transport at a given flowrate by matching the diffusion boundary layers on the

IEMs, which can be achieved by properly positioning the post structures that reflects the

asymmetry in ion diffusivity.

It is true that the posts near the center direct more flow (increasing actual flow velocity)

towards the membranes, reduce the thickness of the diffusion boundary layers, and thus enhance

the mass transport in a macroscopic perspective. While post arrays play a role in increasing the

flow velocity near the membrane, it should be noted that they generate larger periodic flow

velocity gradient near the membrane, which results in the additional mass transport. [23, 25] In

order to verify the relationship between the local mass transport and the flow velocity gradient

when using NaCl solution, we examined a local Sherwood number [23] and flow velocity

gradient along the membrane. (y=O, on the CEM) As shown in Figure 2.4d, the overall Sherwood

number increases as the post arrays placed close to the center (d'=0.5). It is because the post

arrays in close proximity to the membrane considerably limit the mass transport through the near

side membrane (CEM or AEM) in spite of much enhanced flow velocity/gradient near the

another side membrane (AEM or CEM). As a result, the more limited mass transport in the

narrow side dominates the overall mass transport in the system. Interestingly, this general
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tendency with the position of the post arrays is always kept only except when we observe that the

Sherwood number at d'=0.6 (red) shows slightly higher values than d'=0.5 (red, center) while

those at d'=0.4 (brown, symmetric position to d'=0.6) shows less values than d'=0.5. As we

already discussed, it should be originated from intrinsic asymmetry of NaCl transport near

CEM/AEM in such a way that the mass transport near CEM dominates the overall transport rate

due to its thicker depletion zone. As shown in Figure 2.4c and e, the velocity and the velocity

gradient of d'=0.6 are always higher than those of d'=0.5 (center) which should result in the

mass transport enhancement on the CEM and improvement of the overall mass transport in the

ED system in spite of transport decrement on the AEM. Nevertheless, if the post arrays are

placed closer to the membrane (d'=0.13 close to CEM, or d'=0.87 close to AEM), a degree of

mass transport reduction in the narrow zone (between the membrane and the post arrays) should

overwhelm a degree of mass transport enhancement in the wide zone, thereby leading to

decrement of overall mass transport. (See orange and purple lines in Figure 2.4d) The another

interesting observation is that, in the case of d'=0.13, there is a discordance between place with

local maximum value of Sherwood number and post structures (Figure 2.4d), while in all the

other cases local maximum value of velocity gradient match the locations of post structures

(Figure 2.4e). It is presumably because post structures very near to the membrane could obstruct

local mass transport by 'shadowing' ion conducting path in addition to decreasing the local flow

velocity.

It is worthwhile examining whether our method of mass transport enhancement by flow

redistribution is more efficient, compared to other previously recognized scenarios such as

increasing the velocity of the flow intake, or decreasing the intermembrane distance. To show the

efficacy of flow redistribution by posts, we compared the center post design (d'=0.5) with two
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cases of increased bulk flow in simulation (Figure 2.5). First, the feed flow was increased to

match the average velocity with the post design, while keeping the channel dimensions

unchanged. Second, in addition to the increased feed flow, the width of the channel was reduced

to match the channel volume available to the fluid in the post design, in order to maintain the

same flowrate. As shown in Figure 2.5, the mass transport in the post arrays is significantly

greater than that in both cases of matching bulk flow. Therefore, it is reasonable to assume that

the post arrays contribute to not only the increasing flow velocity near the membrane, but also

generating periodic velocity gradient, which enhances local mass transport (Sherwood number in

Figure 2.4d) periodically. Additionally, it should be emphasized that applying flow redistribution

(asymmetrically) enables to match the diffusion boundary layers on the CEM/AEM in order to

maximize overall mass transport from the given channel configuration. Therefore, we can deduce

that the localized flow perturbations near the membranes, rather than an increase in the bulk flow

or decrease in the intermembrane distance, contribute to the observed mass transport

enhancement.
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with NaCl as the salt used. a) Current-voltage responses. b) Limiting currents, normalized to the

limiting current of "no post".

2.5 Implication to electrical energy efficiency

Based on the analysis on optimal d', we related the mass transport to the electrical energy

efficiency by introducing the definition of the energy per ion removal (EPIR) [44]. The EPIR and

the current efficiency (CE) are defined below.

IV/Qdiluate V
EPIR = oc -

zkBTC - C diluate) CE

CE =
ZFQdiluate(C0 - Cdiluate)

I

where z, F, kBT indicate the ion valence, or the charge of ions, Faraday's constant

(=9.65x104C-mol 1), and the thermal energy (=2.479kJ/mol, kB and T are Boltzmann constant

and temperature), respectively. V is the voltage drop across a single cell pair, I is the current, CO
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is the ion concentration in the feed, Cdiluate is the ion concentration exiting the diluate channel,

and Qdiluate is the flowrate of a single diluate stream.

The EPIR is an appropriate metric to evaluate the electrical energy efficiency in

electromembrane desalination systems, for it contains information about the current, voltage, and

salt removal and recovery. The CE represents the fraction of the total applied current that is

utilized for ion removal [45, 46]. In our study, the CE is defined as the ratio of the amount of salt

molecules removed over the total current, and thus the maximum achievable CE is 1. As can be

inferred by the definition above, reduction in EPIR can be achieved with an enhanced mass

transport (i.e., lower electrical resistance) and a high current efficiency. In the experiment, we

measured the conductivity drop in the diluate channel to calculate the current efficiency and the

EPIR values. In the complete energy analysis of electrical desalination system, the pumping

power to drive the flow needs to be accounted as well as the electrical energy consumption.

However, in typical ED systems and our system, the energy required for the pressure driven flow

is much lower (typically -1 000x) than the electrical energy required [47] (see Sections 2.7.4 and

0). In addition, the viscous dissipation is expected to be very small based on other studies in

similar systems [8]. The EPIR and the CE based on the experimental results with the NaCl

solution is plotted as a function of d' in Figure 2.6a. The results show that the EPIR is minimized

at d' = 0.67, which coincides with the greatest mass transport enhancement in terms of the

limiting current density and with the maximum CE. Less concentration polarization leads not

only to a lower electrical resistance in the boundary layer but also to a higher CE across the

IEMs (see Section 2.7.3), which ultimately results in a lower EPIR.

In Figure 2.6, the salt removal ratio and EPIR for various d' are plotted from the

experimental (Figure 2.6b) and simulation (Figure 2.6c) results. It is insightful, and practically
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important, to appreciate the effect of d' on the overall relation between the salt removal and the

EPIR. For a typical ED system with a given channel design, the EPIR should increase with an

increasing salt removal ratio, as shown with the gray line in Figure 2.6b. In other words, lower

EPIR (i.e., higher energy efficiency) can be achieved by operating at a lower current, but this

leads to a lower salt removal and therefore an (undesirable) increase in capital cost (i.e. amount

of membrane used, or channel length). While such a tradeoff between energy and membrane area

efficiency is rather ubiquitous in any electromembrane processes, one can independently

improve this relationship by modulating d' in our post-embedded ED system (Figure 2.6b and c).

When the posts are closer to the center, the data points in Figure 2.6b lie below the 'energy - salt

removal ratio' line for the control case, and hence a lower energy and a higher salt removal can

be achieved simultaneously. Moreover, the simulation results in Figure 2.6c show that when the

posts are near the center, the maximum achievable salt removal is higher. This is shown with the

shift of the vertical slope that indicates the limiting current regime. Interestingly, the 'energy -

salt removal ratio' relationship for the post-embedded system can in fact become worse than that

for the control case, when the posts are closer to the IEMs, which is shown with the data below

the gray line in Figure 2.6b. This is a clear demonstration that a design of the spacer in ED

system may indeed be detrimental to the overall efficiency, instead of the intended 'promoted

mixing', and signifies the critical importance of proper, model-based engineering of spacer

structures inside the ED channels.
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2.6 Conclusion

In this work, we demonstrated that the mass transport in electromembrane systems can be

enhanced by increasing the local flow velocity in the concentration polarization region.

Modulating the local flow near the membranes (AEM or CEM) was realized by placing a row of

post structures with a varying distance to the membrane (d'), which results in a redistribution of

the hydrodynamic resistance inside the diluate channel. Differentiated from previous efforts for

the ED spacer, our study reveals that ion transport can be enhanced or reduced not only by an

average flow velocity, but also by an asymmetric distribution of flow velocity inside a diluate

channel. Based on the fact that the thickness of CP boundary near the membranes (AEM or

CEM) should be differentiated by the relative difference of co-ion diffusivities (DNa+ 1.33x1 0

9 m2 /S: co-ion in the AEM side, Dc =Z2.03x10-9m 2/s: co-ion in the CEM side), applying a

slightly higher local flow velocity near the CEM side than the AEM side results in the maximum

enhancement of mass transport at a given flow rate, showing almost comparable thickness of CP

boundary near AEM and CEM. As a result, the optimal mass transport in an electromembrane

system with sodium chloride feed can be obtained when the post structures are placed slightly

closer to the AEM than to the CEM. By optimizing the position of the post structures in our

experimental and numerical studies, the electrical energy was enhanced up to 30 - 40%, while

the effect of increased hydrodynamic resistance to the total energy was negligible. The findings

from the experiments and the numerical modeling support this previously unexplored effect of

asymmetric diffusivity. The concentration and flow profiling through the simulation was used to

corroborate the reasoning.

It should be mentioned that our study was done in the laminar flow regime, and no

turbulent flow was observed throughout the study. However, asymmetry of cation/anion
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diffusivity is a property of ions in the solution and independent of flow characteristics. Hence,

the diffusivity-based engineering of the structures can be applied to designing of conventional

spacers and mixing promoters in a system with a higher flow. Furthermore, following up on our

findings, the effect of similar structures in a system with a high Reynolds number can be a

subject of future studies. Our work employed electrodialysis as a model system, but the findings

from this study is pertinent to a larger field of study in many other electromembrane systems,

such as reverse electrodialysis and (membrane) capacitive deionization.

2.7 Supplementary information

2.7.1 Experimental setup

Device fabrication

The fabrication of a microfluidic electrodialysis (ED) device has been developed in Han

group, and the detailed fabrication process is described in Kwak et al[27]. Briefly, the

microfluidic ED device consists of two rinsing channels adjacent to the electrodes, two

concentrate channels, and a diluate channel in the center. The device is fabricated by assembling

the top and bottom parts, each with matching slots for membranes and electrodes and gaps

between the two parts, which become the channels. The slots for the membranes and the

electrodes are much deeper than the channels, in order to prevent inter-channel leakages.

Polydimethylsiloxane (PDMS) was selected as the device material for its optical transparency

and flexibility. The negative features of the device were fabricated through stereolithography

(Accura SL 5530, 3D systems Inc., USA), and the PDMS device parts were casted from this

mold. The two parts were bonded by air plasma treatment of the bonding surfaces. The

membranes were assembled dry as they came, and swelled in deionized (DI) water for 24 hours
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after the boding, during which any gaps between the structure and the membranes were sealed to

prevent from inter-channel ion leakage. Preceding the experiments, Ag/AgCl electrodes were

inserted at center of two concentrate channels to measure the voltage drop across a single cell

pair.

The dimensions of each channel in the device were 1.5mm in width (distance between

adjacent membrane/electrode), 300ptm in depth, and 20mm in length. The diameter of the posts

(Dpost) was 400 m. The electrode material was carbon paper (Spectracarb 2050A,

FuelCellStore , USA). Fumasep@ FTAM-E and FTCM-E (FuMa-Tech GmbH, Germany) were

used for cation and anion exchange membrane (CEM and AEM) materials. PDMS used as the

device material was Sylgard 184 from Dow Coming Corporation, Michigan. Ag/AgCl electrodes

were obtained from (Ag/AgCl Sintered, 0.015" diameter, A-M Systems, USA).

Device operation

The assembled device was connected to the feed solution and the outlet with tubing and a

source-measurement unit and placed under the microscope for the experiment. The feed solution

was introduced to the device with syringe pumps (PHD 2200, Harvard apparatus). Charged

fluorescent dye (Alexa 488 Fluor@, Invitrogen) was added to track the ion concentration profile

within the channel, which can be observed using an optical microscope (IX-71, Olympus). The

fluorescent dye concentration is relatively low (~AuM), compared to the total ion concentration

(10mM), and thus the dye does not affect the current flow. Moreover, Alexa 488 is known to be

pH-insensitive over a wide range (pH= 4 - 9) and highly photostable[28] A constant current was

applied using Keithley 236 current-voltage source measurement unit (Keithley Instruments, Inc.,

USA) across the entire ED device, and the corresponding voltage drop across a single ED cell

pair was measured with Multimeter (Fluke 45, Fluke Inc., USA). The bulk concentration of the
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product stream is monitored with a conductivity meter (VWR symphony conductivity meter,

VWR International, LLC, USA) connected to a flow-through conductivity microelectrode

(Microelectrode, Inc., USA).

The solution was composed of either 10mM NaCl or 10mM KCl in DI water. The salts

were obtained from Sigma Aldrich. Throughout the experiments, the flowrates were 36uL/min

for desalination (concentrate and diluate) channels and 300uL/min for rinsing channels,

corresponding to the linear velocity of 80mm/min (Re = 0.73) and 667mm/min, respectively. The

operating voltage drop across the device ranges from 0 to 20V.

(a) Device assembly I

PDMS slot

boning anion exchange membrane (AEM)
L desalination channel
Lion exchange membrane (CEM)

electrode

(b) Experimental setup SOMITe-
camerameasure

ieon voltage
syringe salt conductivity l
pumpJwater water meter

flu e current

LED measure

Figure 2.7 (a) Schematic view of device fabrication and (b) the experimental setup
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2.7.2 Simulation method

Multiphysics modeling used in this paper was done by numerically solving the full set of

governing equations without simplifications in a model system, which is illustrated in Figure 2.8.

Here, we briefly describe the simulation method; the detailed method can be found in a previous

work from Han Group[29].

The set of governing equations to describe the system includes Poisson-Nernst-Planck

and Navier-Stokes equations. Nondimensional forms of the equations are written below:

Nernst-Planck: ------ =C V -i
AD

J = -b, (VO(v + Z.V4) + PeUC,

Poisson: A2 _ Ve

De =V Z=. ZP_

Navier-Stokes: 1 -Vp+V 2g - R - V) - PevJ = 0
ScXD a

V-U=0

where i = t/xr, 0, = C+/C0, d =<D/lFo, U = U/U0 , P = P/P are the normalized time,

concentration, electric potential, fluid velocity, and pressure, respectively. The reference

constants are defined below:

12 k T 0.2 p IU
0 - ;0 Co = Cblk; 00 = k _B 0 =_

Do Ze 70 10

where Cb,,,k is the bulk concentration, lo=w is the characteristic length scale, Do = (D++D-)/2 is

the average diffusivity, kB is the Boltzmann constant, T is the absolute temperature, e is the
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elementary charge, Z is the ion valence, r/ is the dynamic viscosity of solution, and & is the

permittivity.

Normalized diffusion coefficient, Debye length (AD B= eklT/2Ck 2 e 2 ) and space

charge are defined D, = D+/DO, ZD = AD/0, and Pe = Pe/C.lk , respectively.

The dimensionless numbers (Peclet, Schmidt, and Reynolds numbers) are defined below:

Pe = U010/D; Sc = j/pDo; Re= pU010 i

The governing equations above were solved numerically. The finite volume method was used for

discretization of the governing equations, and the Newton-Raphson method was used for the

nonlinear discretization of the Poisson-Nernst-Planck equations.

The parameters used in the numerical modeling are listed in the Table below.

Table 2.1 Parameters for simulation

Symbol Description Value

T Absolute temperature 300 K

)D Debye length 4.36 nm
Diffusivity of cations 1.33x10-9 m2/s for Na+

1.95x10-9 m2/s for K+

D- Diffusivity of anions 1.33x10 9 m2/s for Cl-

CO Bulk concentration 5 mM

00 Thermal voltage 25.7 mV

UO Velocity scale 29.66 pim/s

UHP Average velocity at inlet 1.19 cm/s

10 Length scale 20 jim
Re Reynolds number 0.28
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Figure 2.8 System setup for numerical simulation. Two red arrows indicate the directions of
pressure-driven flow and of current at a fixed voltage drop. The dimensions of the channel are
(width=l )x(length=3).

2.7.3 Explanation on enhancement of current efficiency (CE)

In general, lower current efficiency (CE) in electrodialysis results from 1) loss of

permselectivity of ion exchange membrane (IEM), 2) water splitting in the diluate or concentrate

streams, 3) shunt currents between electrodes, and 4) back diffusion of ions from the concentrate

to the diluate streams. While the different CE values in our experiments may be difficult to be

explained with the first three reasons listed above, back diffusion across the IEMs is a probable

cause for the variation in CE.

Figure 2.9 shows the local concentration distribution of diffusion boundary layer near the

IEM. For simplicity, we take two assumptions: 1) concentration distribution of diffusion

boundary layer is linear, and 2) change in flowrate makes linearly proportional change to all the

streamlines without considering wall effect (no slip condition).

Thickness of boundary layer (6 bl) is a function of flow velocity (UHp), current density (J),

inter-membrane distance (D), and horizontal displacement (x). If only flow velocity is changed,

the thickness of boundary layer can be expressed as,
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1
6bi = f(UHP,,D,x) ocU

HP

Assume UHP2 = 2UHPJ, then

6b1_HP2 =0.796b, HpI

For conservation of salt removed in both cases,

biHP1 iidHP1UHP1 = biHP2 w dHP2UHP2

Clv-d_HP2 063C HP

As a results, we finally approximate the concentration difference across the IEM,

VC'ivHP2 < Vi_ HPI

It shows that a higher local flow velocity can reduce concentration difference across the IEM,

thereby resulting in a higher CE (lowering back diffusion). This analysis also helps us to explain

the limiting current enhancement for different local flow velocity in our results if limiting current

density is decided not by maximum current flux through IEM, but by IEM wall concentration

(C,1_d). (In another words, there should be a certain limit of concentration change on the IEM

wall that can allow.)
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Figure 2.9 Local concentration distribution of diffusion boundary layer based on conventional
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2.7.4 Pumping power calculation

The pumping power needed for a pressure-driven flow was calculated with the simulation

data, to ensure that the benefits of mass transport enhancement from the spacers outweighs the

increase in hydraulic resistance. The pumping power was calculated using the equation:

PUmp = QAP = AcrossvavgAP
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where Q is the flowrate, AP is the pressure drop in the channel, Across is the cross-sectional area

of the channel, and vavg is the average velocity.

The pumping power was calculated for four cases presented in Figure 5 in the main

manuscript, and the values are listed in Table 2.2 Pumping power calculation. The channel with

posts requires much larger (- 4x) pumping power than the other cases do. Next, we compare the

pumping power to the electrical power required for desalination. A typical electrical power can

be calculated using the data for "no post" case in the early limiting regime:

Pelec = IV = (0.018A)(0.2V) = 3.6x10- 3 W

where I is the current and V is the voltage across the channel. The electrical power is about 100

times greater than the pumping power required. Therefore, the contribution of pumping power to

the total energy required is insignificant, and major improvement in total energy will be made

through reduction in electrical energy consumption.

Table 2.2 Pumping power calculation

Case Across (M 2 ) Vavg (cm/s) AP (Pascals) Ppump (Watts)

No post 2x10 5  1.19 17.7 4.27x10-6

Posts at center 2x10~5  1.19 84.0 1.99x10 5

(d'=0.5)
Posts near wall 2x10-5  1.19 43.8 1.04x10-5
(d'=0. 13)

Increased velocity 2x10-5  1.25 19.0 4.76x10-6

Reduced width 1.9x10~ 5 1.25 20.5 4.88x10-6
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2.7.5 Overall energy efficiency (electricity & pumping)

Based on the calculation of pumping power in the previous section 2.7.4, the overall

energy efficiencies were calculated by considering both electricity (to desalinate given feed

water) and pumping power requirement (to generate hydraulic pressure). For fair comparison, we

adopted EPIR (Energy Per Ion Removal), rather than overall power consumption in order to

compare the effective energy uses for desalination since final salt removal ratio varies depending

on the position of post structures. As shown in Figure 2.10, overall EPIR ranges roughly from 9

to 11.5 for different types of the channel configuration while the sole EPIR for pumping ranges

less than 0.1 at most. As we showed the huge difference in the order of magnitude between

electricity and pumping power, pumping power could be negligible even though the relative

changing ratio of the pumping power exceed that of the electricity for different channels with

post structures. Additionally, since the channel configuration that we present here is just placing

lateral post arrays (apart from the membrane) to slightly redistribute the flow velocity near

AEM/CEM, the incremental pressure drop should be much less than the other electrodialysis

system with various obstacles, which dramatically alter flow streamlines for the purpose of

generating turbulence. Therefore, we can conclude that local flow redistribution near AEM/CEM

by placing post structure arrays facilitate the ion transport and thus enhance the overall energy

efficiency for desalination much outweighing the penalties from additional pumping power

requirement.
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Figure 2.10 Evaluation of overall EPIR (Energy Per Ion Removal) for different channel

configurations with various d'. Overall EPIR is calculated by summation of specific electricity

(to desalinate feed) and pumping power (to generate hydraulic pressure). Constant current

(I=0.02A) is applied, and the cases having less overall EPIR than the control (no post) are

considered.
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3. OPTIMIZATION OF SPACER DESIGN IN ELECTRODIALYSIS

3.1 Introduction

As described in Chapter 2, concentration polarization (CP) impedes mass transport by

creating diffusion boundary layer (also known as ion depletion region) on the surface of

membrane/electrode (e.g., diluate channels of ED; see Figure 3.1a), which results in high

electrical resistance [2], and thus increasing the overall electrical energy consumption [3,4].

Hence, concentration polarization (CP) is one of the main challenges in improving the efficiency

of electrodialysis. There have been various efforts to reduce the CP effect and improve mass

transport via "mixing promoters", such as spacers[3-6], corrugated membrane and electrode

surfaces[7-11], ion conducting spacer[12,13], pulsating flow[14,15], and air bubbling[16].

Among these, spacers, such as the embedded microstructures in Chapter 2, are most commonly

employed in practice to enhance the ED operation. The spacers reduce the electrical energy

consumption by reducing the CP effect, but they also create additional hydrodynamic resistance

and increase the pressure drop, requiring a larger pumping energy for a given flowrate.

Therefore, an ideal spacer should be able to enhance the mass transport with a minimal increase

in hydrodynamic resistance.

In this chapter, we continued our study of mass transport enhancement in an

electrodialysis (ED) system by employing simple structures inside the diluate channel to spatially

vary the local flow profile. These structures re-direct the flow to suppress (or expand) the

diffusion boundary layers by having a fast (or slow) flow near the membranes and thus decrease

(or increase) the electrical resistance (see Figure 3.1b). We performed a parametric study on the

location and the size of the cylindrical posts, which are the structures of our choice, inside the

diluate channel and studied its effect on the mass transport in microscopic detail. The study was
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done through a direct numerical simulation by solving the coupled Navier-Stokes and Poisson-

Nernst-Planck equations. The simulation enables a detailed analysis of ion concentration profile

and flow velocity distribution as well as calculation of operating parameters; it also helps

optimization of the structure design, which considers both enhanced electrical energy efficiency

and increased hydrodynamic resistance by the spacers. This study presents a systematic model-

based engineering approach for spacers in ED and other elecromembrane systems.
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Figure 3.1 a) Schematic view of electrodialysis (ED). Color gradient indicates ion concentration
profile. Electrical currents and constant forced flow are applied. Post structures are introduced in
the red-boxed area whose details are described in b) and c). b) Velocity profile of the solution is
drawn with a solid line, and the corresponding diffusion boundary layer for the solution of NaCl
(a=Na, p=Cl) is drawn with a dotted line. The arrows represent the flux through the membrane.
Blue on the right indicates a higher average velocity, compared to red on the left. A higher
velocity results in lower salt removal ratio (SRR) but also a lower electrical resistance (R). C)
Description of parameters in study. The first parameter studied was D, which represents the
diameter of posts. G represents the shortest distance (or gap) between two adjacent posts. The
ratio of D to G is kept constant for a set of study. The second parameter of study was horizontal
location. This parameter was not quantified; instead, it was labeled as "location x", where x
increases as the posts start farther from the inlet. L and represent the length and the width of the
channel, respectively.
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3.2 Design of study

3.2.1 System setup

The post structures (intended to be representatives of typical "mixing promoters" or

spacers, used in previous studies and Chapter 2 of this thesis) were only considered inside the

diluate channel since the ion depletion boundary and the consequent amplification of electrical

resistance is only found in diluate channels. The two parameters studied in this Chapter are the

post diameter and the horizontal location of partial posts. As illustrated in Figure 3.1c. D

represents the diameter of posts, and G represents the shortest distance (or gap) between two

adjacent posts. The ratio of D to G is kept constant for a set of study. For the partial post study,

the horizontal location of posts was not quantified; instead, it was labeled with the coverage and

a number "x", where x increases as the posts start farther from the inlet (i.e., "Third 1" indicates

a channel where the posts were placed in the first third of the channel; "half 2" indicates a

channel where the posts were placed in the second half of the channel).

In the post size study, the ratio of the channel width to the length is 1:6. The solution

consisted of 10mM potassium chloride. The D to G ratio was fixed to 0.5 for all post sizes. The

feed velocity was kept constant for all cases, thus keeping the flowrate constant.

In the location of partial post study, the ratio of the channel width to the length is 1:20.

The solution consisted of ImM sodium chloride. The post diameter was 25% of the channel

width, and the D to G ratio was fixed to 0.5 for all post sizes.
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3.2.2 Numerical modeling

Simulation results were obtained by a direct numerical simulation, which was developed

by Pham et al. [35] The simulation relies on the direct, coupled solution of the full set of

Poisson-Nernst-Planck and Navier-Stokes equations. In this work, we used a 2D modeling of ED

systems, while a full 3D modeling of electromembrane systems have been reported recently[36].

Detailed method and simulation setup are the same as described in Chapter 2.

3.3 Optimization of post location

This part of the study is to optimize the design of cylindrical posts to achieve the

minimum energy consumption. Structures (or spacers) inside ED channels affect the energy

consumption of the process in two ways. First, they modulate, and often enhance, the degree of

mass transport by modifying the local flow distribution and the resulting ion concentration

profile; as a result, they reduce the electrical energy required to achieve the same salt removal.

On the other hand, structures inside the channel create additional fluidic resistance and thus

increase the pumping energy required for a given flowrate. Figure 3.2a shows that larger posts

result in a greater current enhancement by creating a faster flow near the membranes and further

suppressing the depletion boundary layer. However, the larger posts also create more

hydrodynamic resistance, indicated by the higher pressure drop in Figure 3.2b.

In order to quantify the effects on mass transport and fluidic resistance, the electrical

(EPIRe) and pumping (EPIRp) energy per each ion removal was calculated, as described below:

EPIR = IV
Qdiluate (CO - Cdiluale)
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EPIR = Vavg AOSSAP

Qdiluae (CO - Cdiluale)

The total energy per ion removal (EPIRtotal), which can be obtained by summing these two

energy terms, is used to find the optimal post size. In general, as the post diameter increases, the

electrical energy is enhanced, and the maximum achievable salt removal increases. However, for

very large posts (D = 0.9), the electrical energy efficiency is worsened (Figure 3.3a). For total

energy in Figure 3.3c, similar trend is observed with a worse energy efficiency for very large

posts (D = 0.9) due to the large pumping power required. Therefore, the optimal post size should

be around 0.5, depending on the target salt removal. The next step is to study the effect of post

frequency, or post-to-post distance, and combine the results from the two parameters to

determine the most energy efficient post design.
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Figure 3.2 Effect of post diameter on mass transport and hydrodynamic resistance. The post size
is expressed with the ratio of post diameter to channel width. The average velocity was kept

constant for all cases. (a) Comparison of limiting current for various post sizes. The limiting
current is normalized to the limiting current value of "no structure" design. In the results for the

diameter of 0.9, there was no clear limiting regime and thus the limiting current was not

calculated. (b) Pressure drop for various post sizes.
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Figure 3.3 Energy per ion removal (EPIR) calculated for (a) electrical energy and (b) pumping
energy, and (c) total energy as a function of salt removal ratio (SRR). D is the post diameter and
is expressed as a fraction of the channel width

3.4 Optimization of post location

In most ED systems in practice, the spacers are placed throughout the entire length of the

channel in order to enhance the mass transport. However, as the local concentration of ions and

the resulting current distribution vary along the length of the channel, the optimal location or

frequency of the structures may vary. This study was conducted to find whether posts at specific

locations (along the channel length) enhance the mass transport more efficiently than those

placed in other locations. The current voltage response was generated and the limiting current

density was calculated for channels with no posts ("no structure"), posts throughout the entire

channel ("full structure"), posts in a third of channel ("third x"), and posts in a half of channel

("half x"). Figure 3.4 shows that partial posts at certain locations result in a higher current

enhancement, indicated by the higher limiting current density, than other designs.

To understand the reason for the different degree of current enhancement, the current

distribution along the channel length was plotted, as shown in Figure 3.5. In general, the peaks in

the current for the channel with structures coincides with the location of the posts as the posts
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suppress the depletion boundary layer, reduce the electrical resistance, and thus enhance the local

mass transport. In Figure 3.5a, "full structure" design provides great current enhancement in the

beginning of the channel, but the current towards the channel outlet seems to return to the level

of "no structure" design. However, this comparable level of current towards the outlet still

indicates enhancement since the ion concentration for "full structure" is lower, which resulted

from the increased mass transport in the earlier part of the channel. Figure 3.5b and c, the partial

post in the beginning of the channel exhibits the same current enhancement as the earlier part of

the "full structure" design, but this enhancement is counterbalanced by a reduced mass transport

in the later part of the channel. When the partial posts are located at the end of the channel, the

earlier part has the same current profile as "no structure" and the post region has a significant

current enhancement, resulting in overall the highest current enhancement among the partial post

designs.
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Figure 3.4 (a) and (b) show the channels where 1/3 and 1/2 of the channel is filled with the
posts. The arrows indicate that the posts were shifted to the indicated locations for each set of
data. In (c) and (d), the limiting current for each design is normalized to the limiting current
value of "no structure" case. "full structure" denotes that the posts were placed in the entire
channel; "third x" or "half x" denotes that the structures were placed in a third or half of the
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channel, with a lower x indicating structures closer to the inlet. The channel length is 20 times
the width. The post diameter is 25% of the channel width. The solution used for the study is
1mM NaCl. The average velocity was kept constant for all cases.
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Figure 3.5 Current distribution over the channel length. Comparisons were made to show the
effect of (a) full structure, (b) third-full structures, and (c) half-full structures. The data was taken
for the same voltage drop in the late limiting regime.

3.5 Conclusion

In this work, we studied the effect of post size and partial posts on the ED performance.

From the post size study, we found that the large posts increase the achievable salt removal in a

given system by increasing the limiting current density. Yet, the increasing post size results in an

increased hydrodynamic pressure and pumping power, which lead to an increase in the total

energy consumption. In the case of extremely large posts, in addition to the lowered pumping

energy efficiency, the electrical energy efficiency is worsened because the large posts hinder the

ionic path. Therefore, the target salt removal should be considered when determining the optimal

post size.

From the partial post study, we found that the current enhancement was generally

proportional to the portion of the channel covered by the post, and the enhancement is less

sensitive to the location of the partial posts. The results showed that posts near the inlet may be
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more effective because majority of current is conducted in this region. The posts at the end of the

channel may also be effective because the enhancement in this region does not negatively affect

the mass transport in the earlier part, whereas the enhancement in the early part of channel is

offset by the low current in the later part of the channel. Based on these findings, a channel

design with posts near the inlet and the outlet should be studied in the following study.

Furthermore, studies with larger posts or a faster flow can magnify the current enhancement by

posts in general and making the difference between the post locations more pronounced.
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4. TECHNO-ECONOMIC ANALYSIS OF ION CONCENTRATION POLARIZATION

DESLAINATION FOR HIGH SALINITY DESALINATION APPLICATIONS

4.1 Introduction

Desalination of saline water in the range of brackish and seawater has advanced greatly

over the past few decades with the development of membrane desalination technologies. Reverse

osmosis (RO), the state-of-the-art membrane desalination technology, has reached energy

consumption (~2kWh/m 3) that is only twice of the theoretical minimum (1.06kWh/m 3) [1],

[1][land electrodialysis, an electromembrane desalination technology, has achieved the lowest

energy consumption (1.65kWh/m 3) for seawater desalination [2]. While the brackish and

seawater desalination has enjoyed a remarkable progress, desalination of high salinity brine with

salinity above seawater level (35,000 ppm) has been a continuing challenge with few options for

treatment. In fact, the need for highly saline brine desalination is growing as the volume of brine

generation increases. Two major sources of the brine are concentrate from desalination processes

and produced water from shale gas extraction. Increasing desalination capacity has resulted in

large volume of brine generation [3-5]. Moreover, efficient desalination operation and higher

recovery of product have created more concentrated brine (50,000 - 85,000 ppm) [6], which

makes treatment more challenging. In shale gas industry, management of produced water (8000

- 360,000 ppm) is one of the biggest challenges for economical and environmental reasons [7-

9].

Current methods of brine management include surface discharge, solar evaporation,

underground injection, and internal reuse in hydraulic fracturing for the case of produced water.

Surface discharge is the most rudimentary method of disposal with minimal costs involved.

However, the discharged brine can disrupt the ecosystem by increasing the local salinity of the
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surface water and by contaminating the surface water with toxic chemicals added during

desalination or hydraulic fracturing (e.g., anti-foulants, anti-scalants, surfactants, etc.) [10-13].

Solar evaporation involves evaporating brine from large, shallow ponds using natural solar

energy and removing residual solid for disposal [14]. Evaporation ponds are easy to construct

and to maintain but require large footprint, which raises capital cost, and may cause

environmental issues in case of brine leakage [15,16]. Underground injection is the brine

management practice employed to dispose majority of produced water from shale gas operation

[17]. Underground injection is limited by the number of available disposal wells and the

transportation from produced water generation sites to wells [18]. To reduce the brine volume in

the shale gas industry, reuse of produced water has become increasingly popular [7]. Internal

reuse of produced water can reduce the demand for injection wells and freshwater, but can hurt

the efficiency of the hydraulic fracturing process due to the high concentration of dissolved ions

and other chemicals [19,20]. Reuse needs to be accompanied with another disposal method, for

the reused produce water will eventually need to be disposed when the reuse demand becomes

low as the shale gas formations mature [7,9,19]. As reviewed here, the current brine management

methods are not sustainable to treat an increasing volume of high salinity brine. Therefore,

desalination should be employed to reduce the volume of brine that needs to be managed by solar

evaporation or underground injection.

Current desalination technologies for potential treatment of high salinity brine include

reverse osmosis, thermal desalination technologies, such as multi-stage flash, multi-effect

distillation, and mechanical vapor compression, and membrane distillation. Reverse osmosis is

the most cost efficient desalination technology to treat saline water with up to 35,000 ppm TDS

[21,22]. However, for high salinity feed, the RO membrane modules cannot withstand the
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hydraulic pressure needed to overcome the large osmotic pressure, which arises from the large

salinity difference between the feed and the permeate [21,22]. For this reason, high salinity brine

is typically treated with thermal technologies, such as multi-stage flash (MSF) and multi-effect

distillation (MED). These thermal desalination technologies are energy intensive (8 - 30

kWh/M3), and require relatively high investment cost and large footprint, compared to membrane

desalination [23,24]. For efficient operation, thermal desalination plants are typically built next

to power plants to utilize the heat generated from these plants, and thus these plants are less

mobile and scalable [7]. Mechanical vapor compression (MVC) is the next generation thermal

desalination technology that is more energy efficient than MSF and MED. The energy

consumption for MVC is 10.4 - 13.6 kWh/M 3 for treatment of brine with salinity beyond

seawater level (38,000 - 260,000 ppm) [25-28]. MVC is modular in design, and thus involve

lower capital cost and more scalable, compared to MSF and MED [29]. Membrane distillation

(MD) is a relatively new technology and is a thermally driven membrane desalination process.

Its advantages are the use of low-grade heat source and the low sensitivity of performance to the

feed salinity, which makes the process appealing for high salinity brine treatment [30,31]. An

MD with heat recovery can achieve thermal energy consumption of 40 kWh/M 3 for seawater

desalination [32].

Electromembrane desalination, such as electrodialysis (ED), exhibits characteristics that

can be particularly appealing for high salinity brine desalination. Since these processes are

electrically driven, highly saline water will increase the ion conductance, making the process

more favorable [33,34]. In addition, electromembrane desalination enables partial desalination

because salt removal in the product stream can be altered. Brine treatment by ED has been

demonstrated in several studies [35-40]. Ion concentration polarization (ICP) desalination is an
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electromembrane desalination technology that has been developed by Han Group our group

[41,42]. Compared to electrodialysis, ICP desalination can remove salt (i.e., sodium chloride)

more efficiently at a given current [41]. The system was engineered to operate more energy

efficiently, and its potential application was identified to be in partial desalination of high

salinity brine [42,43].

In this work, we performed a techno-economic analysis to evaluate the economic

feasibility of ICP desalination for seawater desalination and desalination brine management.

Based on experimental data from a fixed device configuration, we built a model to estimate the

energy consumption and the membrane area for a given set of operating parameters. Using this

model, we optimized the operating conditions for the minimum water cost, given the feed and

the product concentrations. We calculated the water cost for two applications: partial

desalination of brine to seawater level, at which reverse osmosis can operate efficiently, and

concentration of seawater desalination brine for salt production. The cost of water produced by

ICP desalination was compared with the cost of water produced by other desalination

technologies to help determine the competitiveness of ICP desalination.

4.2 Methods

4.2.1 Experimental

The experimental data was generated with a lab-scale ICP desalination device, whose

configuration, fabrication, and operation were described and demonstrated in a previous work

[43]. The channel dimensions were 2.5mm in depth (i.e., effective intermembrane distance),

8mm in effective width, and 30cm in length. The flowrate ratio of diluate to concentrate to feed
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stream was 1:1:2, and the overall recovery of the diluate was 50%. Varied parameters included

feed salinity, salt removal ratio (SRR; defined below), and flow velocity.

SRR = Cfed - Cdiluate

Cf,,

Since high salinity desalination applications of ICP desalination were considered, the tested feed

salinity ranged from 35,000 ppm to 100,000 ppm of sodium chloride. The ranges of salt removal

and the flow velocity were 10% - 90% and 0.25 - 3 mm/s, respectively. The current and voltage

for each experiment were consequently varied to achieve the target SRR for the given feed

salinity and flow velocity.

4.2.2 Estimation of electrical energy consumption

In order to estimate electrical energy consumption for any given set of feed salinity, SRR,

and flow velocity, a relation must be built based on the experimental data. From the measured

current and voltage values, the power and the electrical energy consumption were calculated, and

the relation between the current and the power consumption were fitted to an equation. To

estimate current for a given set of feed salinity, SRR, and flow velocity, another fitting was done

to first estimate current efficiency (CE) as a function of SRR and flow velocity; the current

efficiency was then used to calculate the corresponding current. The relation between current and

current efficiency is shown in the equation below.

CE = zFQiluate (Cfeed - Cdiluate)
CE =

80



4.2.3 Optimal water cost calculation

Water cost was calculated with a simple cost model that consists of operating and capital

costs. This method is a well-established method for cost analysis of electrodialysis and ICP

desalination [37,42-44]. Electricity and pumping energies were used to calculate the operating

cost. Total membrane area was utilized to estimate the capital cost since the capital cost of

electrodialysis, which is very similar to ICP desalination in configuration and operation, depends

strongly on the total membrane area [45]. Equations below were used to calculate the electricity,

pumping, and capital costs. The water cost was obtained by summing the operating and capital

costs and expressed in US dollars per cubic meter of feed solution. Parameters used in the cost

analysis are listed in Table 1. The value of capital cost per unit membrane area (KQ) was

approximated with the KQ values for ED and ICP desalination as guides [43,44,46]. More

specifically, the value of KQ for ED were $480/m 2-membrane in McGovern et al. [44] and

$600/m2-membrane from an industry quote [47]; the value of KQ for ICP desalination was

assumed to be 25% - 50% higher than that for ED since ICP desalination is a new technology

and thus requires more capital for development. To obtain the optimal water cost for a given set

of feed and product salinities, the water cost was calculated over a range of flow velocity (and

resulting current), and the optimal operating conditions that result in the minimum water cost

were determined.

I xV P
Electricity Cost ($/m 3) = xK xKQ Q

P i Pumping Power 12pQL Qtotal
Feed Flowrate per Cell wd3 Qce
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Used Membrane Cost ($)
Capital Cost ($/m 3 ) = xAnualized Factor

Output Flow Volume per Life (M 3 )

AmXKQ(1+R) T -1

QxT TxR

Table 4.1 Variables and parameters for cost analysis

Description Symbol Value

I Current
V Voltage

Q Feed flowrate
KE Electricity rate 10 #/kWh

Dynamic viscosity 0.00972 g/cm-s
L Cell length 30 cm
w Cell width (effective) 8 mm

d Cell depth (i.e., intermembrane distance) 2.5 mm

Qtotal Total flowrate

Qcell Flowrate per cell
Am Total membrane area
KQ Capital cost per unit membrane area $ 750 /M 2

R Cost of capital 10%
T Life time of equipment 20 years

4.2.4 RO cost model

The cost of reverse osmosis (RO) was calculated using a model and configuration that

was described in previous works [27,48,49]. This section of the thesis was done in collaboration

with Kishor Nayar (Department of Mechanical Engineering at Massachusetts Institute of

Technology).

The RO configuration selected (shown in Figure 4.1) was a conventional 1-stage

arrangement with a circulation pump, a high pressure pump, a pressure exchanger and a booster

pump. The RO model used seawater thermophysical property correlations developed by Nayar et

al. [50] to determine seawater osmotic pressure and density. The pinch pressure in the RO

module (i.e. difference between hydraulic pressure and peak module osmotic pressure) was
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assumed to be 10 bar with a pressure loss of 2 bar assumed in the RO module. The pumps were

assumed to have an efficiency of 0.8 while the pressure exchanger was assumed to have an

efficiency of 0.96 [49]. The energy requirements were determined by basic equations for pump

work, described in Thiel et al. [27] and Nayar et al. [48]. The capital cost of the RO system was

assumed to scale as $1206 day/M 3 of RO water production. This value was an average value

based on seawater RO plants from around the world, sourced from DesalData [51]. The capital

cost was annualized using the same factor described in Section 4.2.3.

Pressure
Exchanger

Brine

BP

HP

cP

Fresh
Water

Brine

Figure 4.1 Configuration of single-stage seawater RO plant (CP - circulation pump, HP - high
pressure pump and BP - booster pump)
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4.3 Estimation of electrical energy consumption

ICP desalination with high salinity brine (salinity > 35,000 ppm) was performed with a

fixed device configuration (i.e., fixed channel dimensions, cell numbers, and recovery ratio).

Feed salinity, salt removal ratio, and flow velocity were varied, and the resulting current and

potential drop, from which the power consumption was calculated, were measured. The power

consumption was plotted as a function of the applied current over a variety of operating

parameters. The results show a power relation between the current and the power consumption

(Figure 4.2), which is described by y = 0.416x 1-86 with r2 = 0.985, where y = power

consumption in Watts and x = current in Ampere. The fitting equation indicates that the relation

is similar to the Ohm's law (P = 12 R) with a constant resistance R in the system. The total

electrical resistance in the ICP desalination system includes contributions from the membrane,

the bulk solution, the diffusion boundary layer, and the electrical double layer [33]. At high

salinity above seawater level, the solution is highly conducting, so the membrane resistance

becomes the main contributor to the total resistance [33]. Therefore, the total resistance at high

salinity is almost constant because the membrane resistance sets a lower limit for the resistance.

The value of the resistance was calculated to be 12 Qcm2 from the fitting equation and falls in

the same order of magnitude as the reported values for the membrane [43,52].

To estimate the electrical energy consumption from the power relation, the current must

be calculated for the given operating conditions. The current is generally proportional to the rate

of ion removal, but we must consider the current efficiency (CE), which represents how much of

the total current is utilized for ion removal, as the CE varies with operating conditions. The

expression for current efficiency is described as
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CE = zFQdiluate (Cfeed - Cdiluate)

where z is ion valence, F is Faraday's constant, Qdiluate is volumetric flowrate of product stream,

Cfeed and Cdiluate are feed and product concentration, and I is total current. The CE trends as a

function of the salt removal ratio and flow velocity are shown in Figure 4.3a and b, respectively.

When other parameters are set constant, the CE decreases with the salt removal ratio because

higher ion removal requires a higher current and thus thicker ion depletion layers, which increase

the degree of back diffusion of ions from the concentrate to the diluate streams [53]. The CE

exhibits a quadratic relation with linear flow velocity and peaks around 2 mm/s. This trend is a

result of two effects: first, a high flow velocity reduces the thickness of ion depletion layers and

enhances the current efficiency; second, a high flow velocity requires a high ion removal rate to

achieve the same salt removal ratio, leading to a high current and increased back diffusion. At a

low flow velocity, the suppression of depletion layer is the dominant effect, while the high

current worsens the CE at a high flow velocity. The combined effect of the salt removal ratio and

the flow velocity on the CE was considered to express the CE as a function of the SRR and the

flow velocity. In Figure 4.3c, the fitted model was plotted as a surface, and the experimental data

were plotted as dots. Using this model, we can estimate the CE for a given set of feed salinity,

product salinity, and flow velocity. The CE was used to calculate the required current and the

resulting power and energy consumption. The accuracy of the current estimation was evaluated

by calculating the absolute percentage deviation (equation below) of the estimated current from

the measured current for the data set (Figure 4.3d). The average absolute percentage deviation

was 9.5%.
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Absolute percentage deviation = lIestimated - Imeasured I X100%
'measured
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Figure 4.2 Power relation between power consumption and applied current in ICP desalination.
The experimental data were generated with a fixed device configuration over various parameters
(e.g., feed salinity, salt removal ratio, and flow velocity). The fitted equation is in the form of y =

bax.
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removal ratio (SRR) and average flow
a fixed device configuration. (a) Current

efficiency as a function of SRR, for a range of feed salinity and flow velocity, follows a linear
relation. (b) Current efficiency as a function of average flow velocity, for a range of SRR and
flow velocity, follows a quadratic relation. Only the data for 10%, 50%, and 70% were plotted to
easily show the quadratic trend. (c) Current efficiency was plotted as a function of SRR and flow
velocity, and the data was fitted to a polynomial surface. (d) Using the CE fitting model, the
current was estimated for given feed salinity, SRR, and flow velocity. The (absolute) percent
deviation of the estimated current from the measured current was plotted.
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4.4 Application 1: Partial desalination of high salinity brine to seawater level

The first application scenario of ICP desalination is partial desalination of high salinity

brine to the typical seawater level (35,000 ppm). Various sources of brine have salinities higher

than 35,000 ppm include: high salinity seawater in the the Arabian Gulf (-50,000 ppm),

concentrate from RO/MSF desalination plants (-70,000 ppm), and produced water from oil/gas

extraction processes. As discussed in the Introduction, there are limited options for treatment of

this brine. Here, we performed a cost analysis to evaluate the economic feasibility of ICP

desalination to bring down the salinity of these brine sources to 35,000 ppm, at which reverse

osmosis technology is available to operate efficiently. Based on the experimental data, the

electrical energy was estimated as described in Section 3.1, and the pumping energy was

calculated to obtain the total energy consumption. For a given set of the feed and product

salinity, the flow velocity, and hence the applied current, was varied to obtain the energy

consumption as a function of the current density.

4.4.1 Stand-alone ICP system

In Figure 4.4, we show a case of partial desalination from the feed salinity of 50,000 ppm

to the product salinity of 35,000 ppm. Figure 4.4a shows a typical relation between the electrical

and the pumping energy and the current. A high current leads to a greater electrical power and

energy consumption. It also requires an increased flow and volumetric flowrate for the same salt

removal ratio. Consequently, the pumping energy increases with the current. However, the ICP

desalination generally operates with a low flow velocity, which is much slower than in

electrodialysis, leading to very low pressure drops and a negligible contribution of pumping

power to the total energy consumption. The energy consumption was used to calculate the

operating cost; combined with the capital cost based on the required membrane area, the total

88



water cost is plotted as a function of the current density in Figure 4.4b. At the fixed salt removal

ratio, a high current results in a fast flow and reduces the membrane area required, shown by the

decreasing capital cost in Figure 4.4b. Considering the contributions from the operating and the

capital costs, the optimal current, electrical energy consumption, and water cost were determined

to be 330 A/m 2, 6.5 kWh/m 3-ICP-diluate, and $1.4/m 3-ICP-diluate, respectively.

We analyzed the water cost of the partial desalination for a range of feed salinity and a

fixed product salinity of 35,000 ppm (Figure 4.5). The water cost increases with the feed salinity

mainly because of the large amount of ion removal required. For similar reasons, the optimal

current density increases with the feed salinity (Figure 4.5a), as a high ion removal rate per

membrane area is more cost efficient at high salinity. Figure 4.5b shows the breakdown of water

cost to the operating and the capital costs. As the feed salinity increases, the operating cost

accounts a greater portion of the total water cost due to the increasing importance on high salt

removal rate. For the feed salinity of 75,000 ppm, the optimal electrical energy consumption and

the water cost were 26 kWh/m -ICP-diluate and $4.60/m 3-ICP-diluate, respectively. These

values are similar to a comparable electrodialysis performance (feed and product salinity of

90,000 ppm and 40,700 ppm, respectively), which resulted in the electrical energy consumption

of 20 - 22 kWh/M3 of diluate stream and the water cost of -$5.5/M 3 of diluate stream [37].

Currently, complete treatment of high salinity brine can be done relatively efficiently via MVC

technology. The MVC cost for shale gas produced water treatment is $22 - 39/M 3 of product

water [54]. Based on our cost analysis, the ICP partial desalination in combination with reverse

osmosis (< $2/M 3 of pure water) shows potential to be economically competitive for high salinity

produced water treatment when compared to the current MVC technology.
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Figure 4.4 Water cost optimization for partial desalination from feed salinity of 50,000 ppm to
diluate salinity of 35,000 ppm (= 35 ppt). Recovery ratio (RR) = 0.5. (a) Schematic of ICP partial
desalination used in Figures 4.4 and 4.5. The diluate salinity is fixed to 35,000 ppm. (b)
Electrical and pumping energy as a function of current. (c) Water cost as a function of current.
Total cost is the sum of operatinr (electricity) cost and capital cost. All costs are expressed as
U.S. dollar per diluate volume (m).
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Figure 4.5 Water cost optimization for partial desalination for various feed salinity. Diluate
salinity is fixed to 35,000ppm (seawater level). RR = 0.5. Total cost is the sum of electricity cost
and capital cost. All costs are expressed as U.S. dollar per diluate volume (in 3) (a) Water cost as
a function of current for various feed salinity. (b) Optimal water cost for a range of feed salinity,
broken down into contribution from operating and capital costs.
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4.4.2 ICP-RO hybrid

Next, the water cost from the ICP-RO hybrid process was analyzed. Here, partial

desalination with ICP desalination is followed by complete desalination (i.e., product salinity is 0

ppm) with RO (see Figure 4.6a). The feed and the product salinities were fixed; the feed salinity

to the RO step, or the product salinity in the ICP desalination, was varied to determine the feed

concentration for an optimal ICP-RO operation. The ICP recovery ratio was kept at 50%, while

the RO recovery ratio was varied with the feed salinity to result in the concentrate stream

concentration of 70,000 ppm. Figure 4.6 shows the ICP-RO water cost for the starting salinity

(i.e., the feed to the ICP-RO process) of and 50,000 ppm and 75,000 ppm. The starting salinity of

50,000 ppm represents the highest seawater salinities practically encountered in the northern

parts of the Arabian Gulf while the choice of 75,000 ppm reflects a typical salinity of brine from

seawater desalination plants. When the RO feed concentration equals the starting salinity, the

ICP desalination step was omitted, and the water cost was calculated for the sole RO treatment.

Figure 4.6b shows that the total water cost decreases with a higher RO feed concentration and

reaches a minimum for the sole RO operation. This is because the increase in the RO cost

increase is much smaller than the reduction in the ICP cost reduction as the ICP/RO transition

concentration increases. Furthermore, since the recovery of ICP desalination is 50%, the total

volume of desalinated water was reduced to half, raising the water cost per volume of desalinated

water. From our cost analysis, the RO-only desalination is more efficient than the ICP-RO hybrid

for feed salinity up to 50,000 ppm. However, practically seawater RO systems are used to treat

feeds with salinities up to around 50,000 ppm with the maximum operating pressure for the

systems being around 68 bar, which corresponds to concentrate side concentration of 73,000 -

74,000 ppm [22]. The pressure limit is dictated by material limits on conventional seawater RO
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membranes, which in turn limit the brine and feed salinity levels. For treating feed salinities

greater than 50,000 ppm, the ICP-RO hybrid can be a cost efficient solution.

We analyzed the ICP-RO water cost for a starting salinity of 75,000 ppm, which can

represent a concentrate stream from desalination seawater plants. As shown in Figure 4.6c, the

water cost follows a similar trend as in Figure 4.6b, but the minimum cost is obtained when the

ICP/RO transition concentration is 50,000 ppm. This is because at a very high RO feed

concentration, the RO recovery is reduced drastically, hence greatly increasing the specific cost

of both ICP and RO. The water cost of $8-9 per m3 of the pure product is much lower than the

water cost of $22-39 per m 3 of product water for MVC, which is the current technology for

treating brine at this concentration. The relatively low water cost of ICP-RO hybrid indicates that

this technology may be an economically viable method for treatment of brine at 75,000 ppm.
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Figure 4.6 ICP-RO cost analysis. (a) Schematic of the ICP-RO hybrid. ICP desalination was
performed on a feed salinity of 50 ppt (b) and 75 ppt (c), and its diluate stream was taken for
complete desalination by RO. Hence, the RO feed concentration is equal to the diluate
concentration of ICP. In all cases, the recovery in ICP was 50%, and the recovery of RO was
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varied to give a fixed concentrate stream concentration of 70 ppt. When the RO feed
concentration equals the overall feed salinity, the water cost is for a RO-only process, whose
recovery is double of the ICP-RO hybrid.

4.5 Application 2: Brine concentration for salt production

The second application is the concentration of brine for salt production. In most brine

management practices, the diluate stream is considered the useful product. However, the

concentrate stream can also be a useful product. For salt production applications, the

concentrated brine stream is fed in to a crystallizer where salt is crystallized out [40].

Crystallizers are expensive and so typically, seawater is concentrated first using desalination

technologies to reduce the load of the crystallizer in salt production and reduce the overall cost

[28]. Chung et al. had compared the performance of state-of-the-art crystallizers to state-of-the-

art brine concentrators and found that there was a greater scope for improving the energy

efficiency of brine concentration [28]. This led us to investigate the potential of ICP desalination

for use as brine concentrator.

Figure 4.7a describes a multi-stage ICP desalination for brine concentration. The starting

salinity of 70,000 ppm represents a typical brine concentration from seawater desalination plants,

and the final salinity of 200,000 ppm represents a typical feed to crystallizer in salt production

plants. Since the ICP desalination has a maximum recovery of 50%, a single-stage ICP process

can achieve a maximum of twofold concentration, and the concentration from 70,000 ppm to

200,000 ppm needs to be performed in multiple stages. In the multi-stage ICP desalination

scheme, the concentrate stream from each stage is fed to the next stage for further concentration,

with the recovery of 50% at each stage. The salt removal ratios at all stages in a system were

about the same. The water cost is expressed as cost per final concentrate volume. In the three-
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stage ICP process shown in Figure 4.7b, the water cost for an earlier stage is higher than the

following stage. Although the earlier stage is working at a lower concentration, the treatment

volume for the earlier stage that is required to generate the final concentrate is twice the next

stage volume. This difference in the treatment volume resulted in the high water cost in the early

stages. Since each additional stage increases water cost by doubling the starting treatment

volume, the water cost may be minimized when minimum number of stages is employed. The

results in Figure 4.7c show that the minimum water cost is indeed obtained for the two-stage

system, which consists of the minimum number of stages, and the water cost increases with the

increasing number of stages. The optimal water cost is $25/m3 , which is equivalent to $109/tonne

salt produced. Adding the crystallization cost of approximately $40/tonne of salt [47], the total

salt production cost from the ICP-crystallizer is $149/tonne salt. The cost of brine concentration

by multi-stage ICP desalination is about twice of the brine concentration cost by electrodialysis

(concentration from 35,000 ppm to 200,000 ppm), which is around $60/tonne salt [47]. The large

gap in the cost from the two processes is most likely to stem from that the recovery in ICP

desalination is limited to 50% at each stage, whereas the recovery in ED is much higher.

Furthermore, the ED cost is obtained from a working salt production plant, where the process is

well engineered and optimized, and thus the cost may be further lowered.
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Figure 4.7 ICP desalination for brine concentration. (a) Schematic of multi-stage ICP
desalination for brine concentration. N is the number of stages. In all cases, the salt removal
ratios for all stages in a system were about the same. (b) Water cost for 3-stage system, broken
down by stage. (c) Water cost for systems with various stage numbers.

4.6 Conclusion

In this work, we utilized a set of experimental data from a lab-scale ICP desalination

device to build a model that estimates the electrical energy consumption in ICP desalination at

high salinity. This model was then used to calculate the operating cost, and the capital cost was

calculated based on the effective membrane area required to reach the throughput. For a fixed

feed and product salinity, the total water cost was calculated over a range of current., and the

optimal operating conditions and water cost were obtained. This water cost analysis was

performed for two potential applications of ICP desalination in high salinity brine treatment.

The first application was partial desalination to seawater salinity (35,000 ppm) so that the

product can be treated by seawater reverse osmosis. The cost analysis showed that the ICP partial

desalination cost with feed salinity of 75,000 ppm was comparable to an electrodialysis
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performance at similar feed and product salinity. This cost is much lower than the complete

desalination by MVC, a current desalination method for produced water. Therefore, brine

treatment by ICP desalination in combination with seawater RO can become an economically

competitive option for high salinity brine desalination. The cost analysis of ICP-RO hybrid

shows that for the feed salinity range, at which RO is technically available, the ICP-RO hybrid is

not economically feasible mainly due to the reduced recovery in ICP-RO and the insensitivity of

RO cost with increasing feed salinity, but the ICP-RO hybrid can be an economically viable

solution for treatment of brine from seawater desalination plants (~75,000 ppm), which is at the

concentration above the limit of RO.

The second application was concentration of brine (to 200,000 ppm), by multi-stage ICP

process, for salt production. We varied the number of stages and found that the operation

becomes more efficient when the number of stages is minimized. The optimal two-stage system

resulted in the water cost of $109/tonne salt produced. This cost is about twice the cost of brine

concentration by ED. The high ICP cost can be contributed to the large volume of treatment

required in early stages due to the ICP recovery limit of 50% per stage. To reduce the ICP cost

for brine concentration, the salt retention in the concentrate stream should be enhanced, and the

distribution of salt concentration (or salt removal) ratio at the stages can be optimized.
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5. SINGLE-DEVICE WATER PURIFICATION: ELECTROCOAGULATION (EC) -

ION CONCENTRATION POLARIZATION (ICP) HYBRID FOR REMOVAL OF

NON-SALT AND SALT CONTAMINANTS

The published journal paper (S. Choi, B. Kim, and J. Han, Lab on a Chip, 2017, DOI:

10.1039/C7LC00258K) was used in its entirety for Chapter 5, with minor updates and

modifications. S. C. and J. H. conceived the idea and designed the study. S. C. carried out the

experiments and analyzed the data. S. C. and B. K. and J. H. wrote the manuscript. J. H.

supervised the study.

5.1 Introduction

Typical water treatment system consists of multiple stages of pre- and post-treatment to

remove various non-salt contaminants (e.g., suspended particles, organics, and biologics) and a

desalination step to remove dissolved ions. Among these, desalination is the most energy- and

capital-intensive step, but in some cases, the pre-treatment can be expensive, accounting for

10%-20% of the total capital cost.[1] Complicated pre-treatment requires a larger footprint as

well as an increased cost of water treatment. These are especially important considerations when

developing small-scale portable water treatment devices, for disaster relief or for places where

water and energy resources are scarce. In this work, we prototyped a system that performs

pretreatment and desalination in a single device by combining two electrochemical water

treatment technologies, namely, electrocoagulation (EC) and ion concentration polarization

(ICP) desalination.

Electrocoagulation is a separation technology that utilizes the electrolysis of a sacrificial

metal anode that releases metal coagulants and causes destabilization and flocculation of target

materials in the solution. EC has been demonstrated to remove various contaminants including
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bacteria[2,3], viruses[4,5], silica[6], suspended particles[7,8], heavy metals[9-1 1], organic

dyes[12-17], oil wastes[18,19], and fluorides[20,21]. Recently, there has been a growing interest

in EC for water treatment because it can address a wide range of contaminants, can be

automated, is portable and scalable, and eliminates the use of chemical coagulants. For these

reasons, EC is well-suited as a low-cost, localized water treatment technology.[22,23] For

example, a bench-scale EC has been developed and tested as a pretreatment for seawater

treatment by ultrafiltration (UF) for pilot testing of EC-UF in military water purification

systems.[24]

Ion concentration polarization desalination, or ICP desalination, is a relatively new

electromembrane desalination technology.[25-27] In an ICP desalination system, an electrolytic

cell is divided by one type of ion exchange membranes (either anion or cation exchange

membranes). When electric current is applied, the selective ion transport through the ion

exchange membranes creates an ion concentrated region and an ion depleted region in a channel,

and desalted water is obtained by extracting the desalted stream from the bifurcated channel

outlet (see Figure 5.1b). ICP desalination is similar to electrodialysis, which is a well-known

electromembrane desalination technology, in design and operation, but it enjoys several

important advantages over electrodialysis. ICP desalination can remove suspended particles as

well as dissolved ions from the desalted stream, and thus it is more resistant to fouling.

Compared to electrodialysis, the salt removal in ICP desalination can also be more effective in

terms of current utilization.[28] Moreover, electromembrane desalination systems, such as

electrodialysis and ICP desalination, are modular in design and thus can be implemented in small

scale. Several groups investigated the feasibility of small/medium-scale electrodialysis powered
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by renewable energies, including a recent study that showed the economic feasibility of a

village-scale, solar-powered electrodialysis desalination systems for rural areas of India.[29,30]

Since ICP desalination and EC are both viable for small-scale water treatment and

electrically driven, we decided to integrate the two processes into a single electrochemical

system. Through this hybridization, we aimed to reduce unnecessary voltage drop, electrical

energy consumption, and the footprint. The EC-ICP hybrid system was demonstrated on a

microfluidic platform. This microfluidic EC-ICP platform is, to our knowledge, the first

demonstration of electrocoagulation in micro-scale. The microfluidic system enables us to

visualize both EC and ICP desalination processes in small scale and facilitates a systematic

optimization of various parameters, which then can be used to build a scaled-up system with

useful flowrates. In fact, similar strategy has been used for the initial development of ICP

desalination,[25,26] which was then recently scaled up successfully.[27]

5.2 Methods

5.2.1 Description of electrocoagulation (EC) - ion concentration polarization (ICP hybrid

The schematics of EC, ICP desalination, and the EC-ICP hybrid are shown in Figure 5.1.

Figure 5.la depicts a single-cell, continuous EC operation, where the feed solution is

continuously flowed through an electrolytic cell with a sacrificial metal anode, and the metal

coagulants are released to destabilize the contaminants. In Figure 5.1b, a single-cell ICP

desalination with cation exchange membranes (CEMs) is described. In both ICP desalination and

electrodialysis, the side channels in contact with the electrodes are not used for desalination

because the solution is used to wash away the products from the electrode reactions. To combine
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EC and ICP desalination in a single electrochemical cell, a metal anode is placed in an ICP

desalination cell (see Figure 5.1c). The feed solution is first run through the anode rinsing

channel, where the non-salt contaminants are coagulated and removed via EC. Then, the solution

with the remaining dissolved ions is run through the ICP desalination cells, where the solution is

split into desalted and concentrated streams. A single device can have multiple ICP cells in

parallel to increase the throughput. By adjusting the number of the ICP cells, the operating

conditions of EC and ICP operations can be controlled independently.

a) Electrocoagulation b) ICP desalination

rinsing solution

H20 , OH-, H2(g)

rinsing solution

c) EC-ICP hybrid

coagulates removed ^ - - ** Electrocoagulation

+ salty water *_* 4 small particles + salty water

( ICP desalination
split to ICP cells
at lower velocity

06 small particle contaminants

. - ion depletion region

m cation exchange membrane (CEM)

.... m' ion enrichment region

Figure 5.1 Schematics of a) electrocoagulation (EC), b) ion concentration polarization (ICP)
desalination, and c) EC-ICP hybrid. Various components in the schematics are defined in the box
at the bottom of the figure. Black arrows indicate the direction of the flow. a) In an EC cell, the
anode material needs to be a metal. The reactants and products of the reactions on the electrodes
are specified. c) All solution undergoes EC treatment first, where small particulates are
coagulated and removed. The product of EC is split into multiple ICP cells because ICP
desalination requires much slower flow for sufficient salt removal.
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5.2.2 Microfluidic EC-ICP device

Fabrication of microfluidic desalination devices has previously been developed, and the

detailed fabrication process is described in Kwak et al.[31,32] Briefly, a microfluidic EC-ICP

device consists of two rinsing channels in contact with the electrodes and one or more ICP

desalination channels. As depicted in Figure 5.2a, the device is fabricated by assembling the top

and bottom parts, each with matching slots for membranes and electrodes and gaps between the

two parts, which become the channels. The -slots for the membranes and the electrodes are much

deeper than the channels, in order to prevent inter-channel leakages. Polydimethylsiloxane

(PDMS) was selected as the device material for its optical transparency and flexibility. The

negative mold for the device was fabricated by a 3D printer (Accura SL 5530, 3D systems Inc.,

USA), and the PDMS device parts were casted from this mold. The top and bottom parts were

bonded by air plasma treatment of the bonding surfaces. The membranes were assembled dry as

they came, and swelled in deionized (DI) water for 24 hours after the boding, during which any

gaps between the structure and the membranes were sealed to prevent from inter-channel ion

leakage. An image of the assembled EC-ICP device is shown in Figure 5.2b. Before the

experiment, electrically conducting wires (Titanium wires, McMaster-Carr, Inc, Atlanta, GA)

were connected to the electrodes to apply the current from the source measurement unit.

The electrode was composed of an aluminum plate with a thickness of 0.4mm

(McMaster-Carr, Inc, Atlanta, GA). Fumasep@ FTCM-E (FuMa-Tech GmbH, Germany) was

used as cation exchange membrane. PDMS used as the device material was Sylgard 184 (Dow

Coming Corporation, Michigan).
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a) Device assembly
V

PDMS

bonding desalination channel
cton exchange membrane

b) Microfluidic device

coagulated
contaminants

salt + non-salt
contaminants in water

concentrated salt solution

sa ty clean water
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c) Experimental setup

CCD source-
camera measure

unit
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pump Iwater
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fluorescence current
exci n source-

LE7D measure
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Figure 5.2 a) Schematic view of device fabrication. Cross-sectional view of a device with a
single ICP channel is shown. The red boxed area is the cross section of an ICP desalination
channel. The horizontal and vertical distances represent the width and the depth of the channel,
respectively. b) An image of microfluidic device with a single ICP desalination cell. The red,
blue, and yellow channels represent EC pre-treatment, ICP desalination, and cathode rinsing
channels. c) Schematic view of experimental setup. A microfluidic device was connected to
various equipment and the water purification process was observed under a microscope. All
experiments were done with a constant current source, and the corresponding voltage was
monitored.
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5.2.3 Microfluidic experiments

The experimental setup is shown in Figure 5.2c. The fabricated device was connected to

the feed solution and the outlet with tubing. The device was placed under a microscope for

visualization of the process throughout the experiment. The feed solution was introduced to the

device with syringe pumps (PHD 2200, Harvard Apparatus). Charged fluorescent dye (Alexa

488 Fluor*, Invitrogen) was added to qualitatively visualize the ion concentration profile within

the channel, which was observed under a fluorescent microscope (IX-71, Olympus) with a

thermoelectrically cooled charge-coupled device (CCD) camera (Hamamatsu Co., Japan). The

fluorescent dye concentration was relatively low (~1 tM), compared to the total ion concentration

(10mM-1.7M), and thus the dye did not affect the current conduction. Moreover, Alexa 488 is

known to be pH-insensitive over a wide range (pH= 4-9) and highly photostable.[33] A constant

current was applied across the entire cell using a current-voltage source measurement unit

(Keithley 236, Keithley Instruments, Inc., USA), and the corresponding voltage drop was

measured with the same equipment. For the EC-ICP experiments, the bulk concentration of the

center product stream was monitored with a conductivity meter (VWR symphony conductivity

meter, VWR International, LLC, USA) connected to a flow-through conductivity microelectrode

(Microelectrode, Inc., USA).

The salinity of the solutions in the experiments was 10mM-I.7M sodium chloride

(Sigma-Aldrich) in DI water. The operating current across the device ranged between OmA to

1.6mA. In all experiments, the cathode rinsing solution was composed of NaCl in DI water, with

the same salinity as the EC and/or ICP feed. Depending on the presence of EC process, the anode

solution contained other contaminants (silica or bacteria).
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Since the removal profile by EC is different for each contaminant, the device used in the

experiment was optimized for each contaminant. Especially for the continuous, multi-cell EC-

ICP experiment, the system needed to be optimized for sufficient silica removal and salinity

reduction. Regarding device length (transverse), the EC experiments used devices with a shorter

length (L=5mm) because EC requires a relatively short residence time, whereas ICP desalination

requires a relatively long residence time for sufficient ion removal. Regarding the device depth,

the EC channels were generally deep (d = 800gm) and ICP channels were shallow because 1) the

flowrates of EC and ICP steps should be matched, 2) ICP desalination requires more current per

treatment volume, and 3) the shallow channels help to observe depletion boundary layer in ICP

desalination. The channel dimensions in the devices used for the experiments are specified in the

experimental section of each experiment.

5.2.4 Silica EC experiments

For the silica removal experiments, the feed solution consisted of 1000 mg/L colloidal

silica nanoparticles (LUDOX@ TM-40, Sigma-Aldrich) in various salinities. After EC treatment,

the product was left undisturbed for > 30 min for coagulates to grow into flocs and to sediment.

The supernatant was taken to analyze the silica concentration by the silicomolybdate method

with bicarbonate digestion.[34] To quantify the concentration using this method, a reference

curve was generated with standard solutions of the same silica particles and background salinity.

The recovery was 90% of the feed in all silica EC experiments.

The device used in the silica EC experiment had EC channel dimensions of 1mm width

(distance between adjacent membrane/electrode), 800pim depth, and 5mm length. The flowrate

was 800pL/min in the EC channel, corresponding to an average flow velocity of 1 m/min.
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5.2.5 E. coli EC experiment

The feed solution consisted of 6.5x10 8 cells/mL Escherichia coli (E. coli) BL21 in 20mM

NaCl. The E. coli were obtained from Yi Group at Tufts University. The E. coli concentration

was quantified by optical density measurements at ;=600nm (OD600) using ultraviolet-visible

spectroscopy (Shimadzu UV-3 101 PC). To quantify the concentration of E. coli, a reference

curve was generated with standard solutions of the E. coli and the same background salinity

(reliable measurement between 2.7x107 cells/mL and 1.35x10 9 cells/mL). The recovery of the

product was 45% of the feed in all E. Coli EC experiments. Samples were collected from the

product stream, let for coagulation reaction to happen for 20min, and centrifuged for 30sec; the

supernatant was then taken for OD600 measurement.

The device in the E. coli EC experiment had EC channel dimensions of 2mm width

(distance between adjacent membrane/electrode), 200tm depth, and 5mm length. The outlet in

the EC channel was bifurcated, and the product from the outlet near the anode was analyzed for

E. coli removal. The flowrates were 20O L/min in each outlet, corresponding to an average flow

velocity of Im/min.

5.2.6 EC-ICP experiment

For the voltage drop comparison between EC-ICP hybrid and ICP desalination, an EC-

ICP device with a single ICP channel was used. The dimensions of the EC channel were 1mm

width, 800pm depth, and 5mm length; the dimensions of the ICP channels were 1.5mm width,

800pm depth, and 5mm length. The flowrates were 800ptL/min in the EC channel and

300gL/min in each ICP channel, corresponding to average flow velocities of Im/min and

0.25m/min, respectively. These flowrates were set to match the flow velocities in the continuous,
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multi-cell EC-ICP experiment. The background salinity in all solutions used in this experiment

was 10mM NaCI.

For the continuous, multi-cell EC-ICP experiments, the feed solution consisted of 1000

mg/L colloidal silica nanoparticles in 20mM NaCl. A coagulation reservoir was added between

EC and ICP steps to allow sufficient time (20min residence time in the reservoir) for complete

coagulation and sedimentation of silica particles. The recovery from the EC step was 90% of the

feed. There were three ICP channels in the EC-ICP device, each with a bifurcated outlet to

separate the concentrated and desalted streams. The recovery from the ICP step was 50% of the

ICP feed. The final product (i.e., desalting stream in the ICP channels) was connected to an in-

line conductivity probe for real-time monitoring, and samples from this stream was analyzed for

silica concentration with the method described in the previous section.

The dimensions of the EC channel were Imm width (distance between adjacent

membrane/electrode), 800pm depth, and 20mm length; the dimensions of the ICP channels were

1.5mm width, 200pm depth, and 20mm length. The ICP channels were much shallower than the

EC channel. The flowrates were 800pL/min in the EC channel and 75pL/min in each ICP

channel, corresponding to average flow velocities of Im/min and 0.25m/min, respectively. In this

EC-ICP experiment, the flowrate in the EC channel was much higher than the total flowrate in

the ICP channels, and thus not all of the EC product underwent the desalination step. To increase

the desalination capacity, more ICP channels can be added to match the EC flowrate.
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5.3 Visualization of EC-ICP process

For demonstration purposes, a single-cell EC-ICP device was employed, and the anode

channel was observed to visualize the simultaneous EC and ICP desalination processes, as shown

in Figure 5.3. Although the anode channel is not utilized for desalination in the actual EC-ICP

system (Figure 5.1 c), an ion depletion region is formed due to the selective ion transport through

the CEM. The feed solution containing suspended silica particles with background salinity was

run through the device while a constant current was applied. A charged fluorescent dye was

added to visualize the depletion (white region) and enrichment (dark region) of ionic species

under fluorescence microscopy. However, some dye molecules were trapped in the flocs of

suspended particles, and thus coagulates could be visualized as the white spots. Coagulation of

suspended particles occurred mostly after the solution exited the device, but a small portion of

coagulates started to form in the EC cell. These coagulates fouled the channel wall near the

sacrificial metal anode, where the metal coagulant was concentrated. The fouling was observed

as white lumps and streaks in Figure 5.3. The fouling can potentially become problematic if the

coagulates adhere to the anode, create additional resistance, and hinder the release of metal

coagulants to the solution. To prevent the fouling, the flow velocity in the EC channel was kept

relatively high (vavg = lm/min). This condition of fast flow in the electrode channel is also used

in electrodialysis to minimize effects (e.g., bubbles) from electrolysis. The ion depletion layer

near the CEM was relatively thin in this figure because the fast flow allowed only a small portion

of the salt ions to be transported through the CEM. In the multi-cell EC-ICP system, as described

in Figure 5.1 c, the ICP cells have a much longer residence time for substantial salt removal.
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The demonstration of EC on a microfluidic platform enabled real-time visualization of

the process. The direct observation allowed us to identify a potential issue with the process and

provided insights on how to tune the operating parameters.

metal anode

rinsing solution i d layer

CEM CEM CE

Figure 5.3 Visualization of EC-ICP hybrid. The hybrid system was visualized using
fluorescence microscopy. For ease of visualization, the system was simplified to a single cell,
consisting of a metal (Aluminum) electrode and a CEM on each side of the cell. A coagulate
layer in white and a dark depletion layer are shown near the surface of the anode and on the
CEM, respectively. The three microscopic images are time-lapsed (tlapse = 0.15sec). The black
line on the left side of CEM in the first image represents a scale bar (1mm). The feed solution
consisted of 10,000 mg/L silica particles in 10 mM NaCl. The various components in the
schematic represent the same components as defined in Figure 5.1. The EC channel dimensions
were 2mm width, 200im depth, and 5mm length. The flowrate was 100pL/min in the EC
channel (vavg = 0.25m/min).

5.4 Removal of contaminants by EC

Since our system is the first demonstration of micro-scale EC, we examined its EC

performance for the removal of contaminants, namely bacteria (E. coli) and suspended solids

(silica). E. coli is a harmful biological contaminant, which is one of the causes of diarrheal

disease, and commonly present in water sources in developing countries, such as India and

Bangladesh.[35,36] Silica was used as model suspended solids, which are a common constituent

in various water sources. A small amount of silica in water can be tolerated, but a high level of

silica affects the taste and physical appearance of water. In the EC experiments, we focused on

the EC performance of the microfluidic EC system, and thus a device with no ICP channels was
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used (same configuration as device in Figure 5.3). Although there was no desalination, a CEM

was inserted to separate the anode reaction, which was utilized for EC, from the cathode

reaction.

The E. coli removal profile is shown in Figure 5.4a. The removal of E. coli increased

with an increasing current. In this experiment, the flowrate was kept constant, so the applied

current was proportional to the amount of metal coagulant released. In another study, a batch EC

was performed to remove E. coli, and the removal increased with an increasing EC treatment

time at a fixed current.[2] Since the EC treatment time in this study was proportional to the

amount of metal coagulant, we can say that our results agree with this previous study in that the

bacteria removal increases with an increasing amount of metal coagulant.

The silica removal experiment was conducted at three different salinities, representing

various conditions where the EC technology can be used: 10mM (brackish water), 500mM

(seawater), and 1.7M (produced water from hydraulic fracturing) of NaCi. The silica removal

profile was similar to the E. coli removal in that silica removal increases with an increasing

current. But silica was completely removed at a much lower current, which could be due to the

difference in their inherent characteristics (i.e., zeta potential). A removal profile similar to that

in Figure 5.4b had been observed in a previous study with a batch EC.[37] As shown in Figure

5.4b, silica removal at 500mM and 1.7M were similar, with an almost complete removal above

75A/m 2, which was slightly lower than the required current level of IOOA/m 2 at 10 mM. At

around 1 00A/m2 , most of silica was removed (-95% removal), and the removal efficiency

plateaued. The small portion of silica remaining in water was within the margin of error from the

measurement technique.
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Figure 5.4 Micro-scale electrocoagulation performance. a) Bacteria (E. Coli) removal. The
bacteria concentration was 6.5x1 08 cells/mL, and the salinity was 20 mM NaCl. The device used
in bacteria EC experiment had EC channel dimensions of 2mm width, 200pm depth, and 5mm
length. The product flowrate was 200pL/min (vavg = im/min). b) Silica removal at various
salinities. The feed solution consisted of 1000 mg/L silica and NaCI at various concentrations.
The device used in silica EC experiment had EC channel dimensions of 1mm width, 800pm
depth, and 5mm length. The flowrate was 800pL/min in the EC channel (vavg = 1m/min).

5.5 Comparison of voltage drop in ICP and EC-ICP hybrid

Our hybrid system makes use of the unavoidable Faradaic reaction near the anode to

remove small particles, while desalting by ICP desalination. Here, we investigated the effect of

the additional EC process on the electrical energy of the system. We compared the performance

of the same EC-ICP device with different solutions running in the anode channel. When a salt-

only solution was run in the anode channel (See Figure 5.5a), no EC occurred because there were

no particles to be coagulated. When the anode solution contained silica nanoparticles and has the

same salinity as the salt solution (See Figure 5.5b), the silica particles were coagulated by EC. In

both cases, the voltage drop of the system at the same current densities was almost the same,

which indicated that the addition of EC process to the ICP desalination does not incur any

additional energy as shown in Figure 5.5c. Therefore, it can come 'for free' in a given ICP
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desalination system, or to be more exact, EC process can be run with the energy already wasted

as the integral part of the ICP desalination process (or any other electro-membrane desalination

system such as electrodialysis). But, in a long-term operation, if the particles keep accumulating

and initiate fouling on the anode, the voltage drop in the device may increase, incurring

additional electrical energy consumption. Moreover, the periodic replacement of sacrificial metal

anode could also contribute to the additional cost from EC operation. These factors should be

considered in further investigation of EC-ICP process.

While the approximate energy consumption of a basic EC unit without CEM (See Figure

5.1a) is experimentally calculated to be 0.01-0.2 kWh/M 3 for pretreatment, EC-ICP hybrid

system does not have to require this additional energy consumption for EC operation. Since the

dominant energy consumption in the EC-ICP hybrid occurs in the desalination process (e.g.,

resistance of the desalted stream and the CEM itself) as shown in Figure 5.5c, one can consider

the energy consumption of ICP desalination as an estimation of energy consumption in the EC-

ICP hybrid.

Our group has already examined the energy consumption in ICP desalination with a wide

range of feed salinity from brackish to hypersaline brine feed water (10mM to 1.7M NaCl

solution) in the previous works.[25-27] Based on the previous studies, ICP desalination requires

1-2 kWh/M3 for brackish feed water treatment (10-20mM NaCl solution), and these energy

values are comparable to those in similar water treatment studies in literature: 0.05-0.27 kWh/M 3

for silica removal by EC[38] and 0.6-2kWh/m 3 for brackish water desalination by

electrodialysis.[30,39,40]
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However, it has to be mentioned that energy consumption of the EC-ICP hybrid can be

varied depending on the system configuration (e.g., number of CEMs, channel dimensions, more

importantly, flowrates, or production rates, as well as current used). In a practical electrodialysis

system, 200 to 1000 ion exchange membranes are installed in parallel to form a complete

electrodialysis stack mainly for reduction of energy consumption.[41] In other words, EC-ICP

hybrid with a single ICP cell (Figure 5.5b) would have the highest energy consumption since two

CEMs are used only for one desalting stream, whereas the average number of CEMs in an

industrial-scale system would be nearly one.
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Figure 5.5 Energy comparison between ICP desalination and EC-ICP. The two processes were
run on the same device at the same conditions, but with different solutions in anode rinsing
channel: a) salt-only solution in ICP desalination, and b) silica particles and salt solution in EC-
ICP). Salinity in all experiments was 10mM NaCl, and the silica concentration in silica-
containing solution was 1000 mg/L. c) Electrical energy consumption as a function of current
density. The y-axis represents the average voltage drop, and the error bars represent the standard
deviation over the measurement period. The dimensions of the EC channel were 1mm width,
800pm depth, and 5mm length; the dimensions of the ICP channels were 1.5mm width, 800pm
depth, and 5mm length. The flowrates were 800pL/min in the EC channel and 300pL/min in
each ICP channel (vavg = Im/min in EC; vavg = 0.25m/min in ICP)
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5.6 Continuous, multi-cell EC-ICP system for removal of particles and salts

As described in System description, the multi-cell EC-ICP system (Figure 5.1c) enhances

the quality and throughput of the treated water. In the continuous multi-cell EC-ICP operation

with three ICP channels, shown in Figure 5.6, the feed water was first treated with EC, where the

non-salt particles were removed from the solution; the product of EC, which contained mostly

salt ions, was then treated by ICP desalination. In designing of the EC-ICP device, the given

conditions were feed flowrate, feed salinity, and target salinity of product. For a given flowrate,

the current was set to achieve a complete removal of the suspended solids, and the flowrate of

each ICP cell was determined to achieve the desired salinity of the product stream. The number

of the ICP cells can be determined to accommodate the entire solution. In this proof-of-concept

experiment, we chose silica to model suspended solids in 20mM NaCl, which is in brackish

range. As shown in Figure 5.6b, with enough current applied, most of silica particles (>95%)

were removed, and the salinity of the product water was brought down to a drinkable level

(<500ppm total dissolved solid,[42] corresponding to 8.6mM NaCI). Through this experiment,

we demonstrated that our EC-ICP hybrid can successfully remove suspended particles and

reduce the salinity to produce clean water. We utilized the inevitable voltage drop in the anode

rinsing channel to a useful separation step by adding the EC pretreatment step to the ICP

desalination process.
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Figure 5.6 Results of EC-ICP hybrid system. The feed to the device consists of 1000 mg/L silica
nanoparticles (model suspended solids) and 20 mM sodium chloride. The flowrates in EC and
ICP cells are 800pL/min and 75pL/min/cell, respectively (vavg = im/min in EC; Vavg =

0.25m/min in ICP). The dimensions of the EC channel were 1mm width, 800pm depth, and
20mm length; the dimensions of the ICP channels were 1.5mm width, 200pm depth, and 20mm
length. The device had three ICP cells. The recoveries to EC and ICP are -90% and 50%,
respectively. a) Microfluidic setup of the EC-ICP process. The blue-lighted area is the location of
the device. The process was monitored using a microscope through the computer screen. After
EC process, the solution goes through the coagulation reservoir, where the coagulates form and
settle and the supernatant is fed to the ICP channels. b) Analysis of final product.

5.7 Conclusion

In this study, we developed an electrocoagulation - ion concentration polarization

desalination hybrid system that integrates desalination and its pretreatment into a single device

and demonstrated its operation in a microfluidic device. This microfluidic EC-ICP platform is, to

our knowledge, the first demonstration of electrocoagulation in micro-scale. The microfluidic

system enables us to visualize the EC process in small scale and facilitates a systematic

optimization of various parameters. By combining two different electrochemical processes in the

same system, we may eliminate unnecessary voltage drop and achieve both seamless integration

and energy efficiency enhancement. We showed that our system can effectively remove colloidal

particles, such as suspended solids and bacteria, and salt content. More importantly, our hybrid
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system is flexible because it can treat a wide range of wastewater with various particles and salt

by simply adjusting the operating parameters and it is scalable owing to its modular design. From

this, we can see that our system can find many applications, especially where a small footprint is

advantageous, including disaster relief, military uses, and river water treatment for domestic

water usage in developing countries.
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6. SUMMARY AND FUTURE WORK

6.1 Thesis Summary

In this thesis, the overarching goal was to expand the applications of electromembrane

desalination through engineering based on microfluidic experiments and numerical modeling.

Specifically, the study focused on three aspects: (1) improving electrodialysis performance for

brackish water desalination by optimizing the design of structures, commonly known as spacers,

to reduce concentration polarization effect and enhance mass transport; (2) evaluating techno-

economic feasibility of ICP desalination for high salinity brine treatment, for which

electromembrane desalination is conventionally considered to be inefficient, and which does not

currently have a sustainable solution; (3) developing a total water purification system, namely

EC-ICP hybrid, that integrate pretreatment and desalination into a single electrochemical device

by utilizing the unavoidable, otherwise wasted Faradaic reaction on the anode to a useful work of

particle removal.

In Chapter 2, we demonstrated that the mass transport in electromembrane systems can

be enhanced by increasing the local flow velocity in the concentration polarization region. Using

a microfluidic ED platform, we modulated the local flow near the membranes (AEM or CEM) by

placing a row of post structures with a varying distance to the membrane (d'), which results in a

redistribution of the hydrodynamic resistance inside the diluate channel. Our study is

differentiated from previous efforts for ED spacers in that our study reveals that ion transport can

be enhanced or reduced not only by an average flow velocity, but also by an asymmetric

distribution of flow velocity inside a diluate channel. When the electrolyte is composed of

sodium chloride, which is the major constituent of natural saline water, it is known that the

thickness of CP boundary near the membranes (AEM or CEM) should be differentiated by the
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relative difference of co-ion diffusivities (DNa+ =1.33xl 0 9m 2/S: co-ion on the AEM side, Dc-

=2.03x10- 9m 2/s: co-ion on the CEM side). We found that the maximum mass transport

enhancement occurs when the CP boundary layer thickness from AEM and CEM are

comparable, which, for sodium chloride solution, occurs when the local flow velocity is slightly

higher on the CEM side than on the AEM side. As a result, the optimal mass transport in an

electromembrane system with sodium chloride feed can be obtained when the post structures are

placed slightly closer to the AEM than to the CEM. By optimizing the position of the post

structures in our experimental and numerical studies, the electrical energy was enhanced up to 30

- 40%, while the effect of increased hydrodynamic resistance to the total energy was negligible.

The findings from the experiments and the numerical modeling support this previously

unexplored effect of asymmetric diffusivity. The concentration and flow profiling through the

simulation was used to corroborate the reasoning. Because asymmetry of cation/anion diffusivity

is a property of ions in the solution and independent of flow characteristics, the diffusivity-based

engineering of the structures can be applied to designing of conventional spacers and mixing

promoters in a system with a higher flow. Our work employed electrodialysis as a model system,

but the findings from this study is pertinent to a larger field of study in many other

electromembrane systems, such as reverse electrodialysis and (membrane) capacitive

deionization.

In Chapter 3, we continued the parametric study of the structures (or spacer) in ED with

the numerical modeling tools for systematic optimization of the structure design. We selected

two parameters for the study: the horizontal location (partial implementation) and the size of the

cylindrical posts. First, the partial post study was conducted to find whether posts at specific

locations (along the channel length) enhance the mass transport more efficiently than those
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placed in other locations. The results show that difference between various locations is minimal,

and in general the extent of current enhancement is proportional to the post coverage. The

current distributions along the channel length revealed that the peaks of the local current for the

channel with structures coincide with the location of the posts as the posts suppress the depletion

boundary layer, reduce the electrical resistance, and thus enhance the local mass transport. In the

second parameter study, the diameter of cylindrical posts was optimized for minimum energy

consumption. The structures (or spacers) modulate, and often enhance, the degree of mass

transport by modifying the local flow and ion concentration profiles; as a result, they reduce the

electrical energy to achieve the same salt removal. On the other hand, structures inside the

channel create additional fluidic resistance and thus increase the pumping energy required for a

given flowrate. We showed that larger posts result in a greater current enhancement by creating a

faster flow near the membranes and further suppressing the depletion boundary layer. However,

the larger posts also create more fluidic resistance, evidenced by the higher pressure drop. In

order to quantify the effects on mass transport and fluidic resistance, the electrical (EPIRe) and

pumping (EP]Rp) energy per each ion removal was calculated. The total energy per ion removal

(EPIRtotal), which can be obtained by summing these two energy terms, is used to find the

optimal post size. In general, as the post diameter increases, the maximum achievable salt

removal increases before reaching a sharp energy increase. However, for very large posts (D =

0.75 - 0.9), both electrical energy and total energy is worsened due to shadow effect and large

pumping power. Therefore, the optimal post size should be around D = 50% - 75% of the

channel width, depending on the target salt removal.

In Chapter 4, we utilized a set of experimental data from a medium throughput ICP

desalination device to build a model that estimates the electrical energy consumption in ICP
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desalination at high salinity. Based on the energy model and the experimental data, the operating

and the capital cost were calculated, and the water cost was optimized for a fixed feed and

product salinity. This method of water cost calculation was applied to evaluate techno-economic

feasibility of ICP desalination for two potential applications in high salinity brine management.

The first application was partial desalination to seawater salinity (35,000 ppm) so that the

product can be treated by seawater reverse osmosis. The cost analysis showed that the ICP partial

desalination cost with feed salinity of 75,000 ppm was comparable to an electrodialysis

performance at similar feed and product salinity. This cost is much lower than the complete

desalination by MVR, a current desalination method for produced water. Combined with

seawater RO, partial desalination by ICP desalination can become an economically competitive

option for high salinity brine desalination. The cost analysis of ICP-RO hybrid shows that for the

feed salinity range, at which RO is technically available, the ICP-RO hybrid is not economically

feasible, but it may be more promising for the feed concentration above the limit of RO. The

second application was concentration of brine (to 200,000 ppm), by multi-stage ICP process, for

salt production. We found that an optimal two-stage system resulted in the water cost of $117/ton

salt produced, which is about twice the cost of brine concentration by ED. The high ICP cost can

be contributed to the large volume of treatment required in early stages due to the ICP recovery

limit of 50% per stage.

In Chapter 5, we incorporated electrocoagulation, a water treatment technology for

removal of non-ionic contaminants, into an ICP desalination system by replacing the anode with

a sacrificial metal anode and created an EC-ICP hybrid system that can address virtually all type

of contaminants in water. In EC-ICP hybrid, the feed water is first treated with EC, where small,

colloidal particles are removed from the solution; the product of EC, which contains mostly salt
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ions, is then desalinated by ICP desalination. In the proof-of-concept experiment, a synthetic

solution containing silica, which models suspended solids, with brackish water salinity (20mM

sodium chloride) was treated in a microfluidic EC-ICP device. The recovery of clean water was

45% of the initial feed. The results showed that silica removal was >99% and the product salinity

was reduced to a drinking level (500ppm) with an appropriate current density. This microfluidic

EC-ICP platform is, to our knowledge, the first demonstration of electrocoagulation in micro

scale. The microfluidic system enables us to visualize the EC process in small scale and

facilitates a systematic optimization of various parameters. By combining two different

electrochemical processes in the same system, we may eliminate unnecessary voltage drop and

achieve both seamless integration and energy efficiency enhancement. We showed that our

system can effectively remove colloidal particles, such as suspended solids and bacteria (results

in a previous report), and salt content. More importantly, this hybrid system is flexible because it

can treat a wide range of wastewater with various particles and salt by simply adjusting the

operating parameters. From this, we can see that our system can be used in many applications,

including river water treatment for domestic water usage in developing countries and further

water treatment for irrigation.

6.2 Future Research Directions

In this thesis, we endeavored to achieve improvements in several aspects of

electromembrane desalination through experiments on microfluidic platforms and numerical

modeling. Our study has demonstrated that with appropriate engineering, electromembrane

desalination can become more energy efficient in brackish water desalination and may be

economically viable for high salinity brine treatment. For electromembrane desalination to have

such competitiveness in desalination industry, continuous efforts for engineering will be needed.
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In the first topic of spacer engineering in electrodialysis, the current study was done in

microfluidic platform with a low Reynolds number, compared to the flow regime of the

commercial ED systems. The effect of the studied parameters (i.e., relative distance between

structures and membranes, size of cylindrical structure, location of partially implemented

spacers) in a system with high Reynolds numbers, matching the commercial ED Reynolds

number, can be a subject of future studies. Moreover, our microfluidic platform with shallow

channels (channel depth = O(10-'mm)) may show different fluidic behavior from the

commercial, large-scale systems (channel depth = O(10'mm)) due to the increased interaction

with the channel walls. Therefore, the implementation of the optimized parameters in a scaled-up

device should follow to validate the applicability of our findings to a large-scale system. Another

direction of further study is to construct a nondimensionalized relation among the spacer

parameters, channel dimensions, flow property, and current that can generalize the findings to all

ED systems.

In the second topic of ICP desalination for high salinity applications, two main

improvements should be made for the technology to demonstrate its competitiveness. The first is

further engineering of ICP desalination at system level. As discussed in Chapter 4, the main

source of increased ICP desalination cost is that the recovery is limited 50% at each stage. Due to

this recovery limit, a large feed volume is required to achieve a target throughput for multi-stage

ICP process. To reduce the ICP desalination cost for a multi-stage process, e.g., brine

concentration, the salt retention in the concentrate stream should be enhanced. An example of a

potential solution would be to recycle the diluate stream from later stages, which contain a high

concentration of salt. The other direction for further study is more detailed economic analysis.

The current cost analysis is based on the two main cost drivers: electrical energy consumption
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and required membrane area. To enhance the accuracy of the water cost, other costs, such as

pretreatment, transportation, and concentrate disposal should be accounted. In order to estimate

the cost contribution from these various processes, a pilot scale system may be required.

In the development of the EC-ICP hybrid, the ultimate goal is to build a portable,

continuous device that does not require human intervention. The current device involves a

coagulation tank that operates in a semi-batch mode and requires periodic disposal of coagulates

between EC pretreatment and ICP desalination steps. Development of a continuous coagulate

separation process will enable a completely automatic operation, and packaging the whole

system, including the pumping and power supply as well as the EC-ICP devise, into a single box

can make the system portable. Furthermore, EC-ICP operation with a renewable energy source

should be pursued to demonstrate its feasibility as a localized water treatment technology for

remote areas that lack on-grid water and energy resources.
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