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WATER DESALINATION/PURIFICATION AND BIO-AGENT PRECONCENTRATION 

RELATED APPLICATION 

This application claims the benefit of U.S. Provisional Application No. 61/836,756, 

5 	filed on June 19, 2013. The entire teachings of the above application are incorporated herein 

by reference. 

GOVERNMENT SUPPORT 

This invention was made with government support under Contract No. 6923562 

awarded by DARPA and Contract No. 6898047 awarded by SMA-II. The government has 

10 	certain rights in the invention. 

BACKGROUND OF THE INVENTION 

Fresh water is no longer considered a 'free' resource of nature. It is common 

knowledge that much of the freshwater sources in the world today are polluted and not 

adequate for human consumption. A bottle of clean, purified water is currently sold at a 

15 	higher price than that of oil. Polluted drinking water creates various forms of water related 

diseases, such as anemia, arsenicosis, cholera, malaria, and lead poisoning. Advanced 

countries and companies notice that this water shortage problem will become worse, and 

counteract by securing water-related technologies to monitor, clean, move, store, and dispose 

waters. The topics of particular and major technological and societal interest on the water- 

20 	energy nexus are the development of: 

(a) water desalination technology - more scalable (potable), inexpensive, and 

efficient devices to remove salts from brackish / seawater / produced water, 

(b) water purification technology - more scalable (potable), inexpensive, and 

25 efficient devices to remove detrimental biological agents, including toxins, 

proteins, bacteria, and cells, 
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(c) water monitoring technology - more scalable (potable), inexpensive, and time- 

economical devices to preconcentrate/detect detrimental biological agents 

(especially for ultra-low concentration targets, e.g. Escherichia coli). 

5 Prior attempts to use in concentration polarization to desalinate water had difficulties 

in that the electrodes were connected to the ICP zones with long microchannels creating 

unnecessary power consumption along the way. In addition, electrodes exposed directly to 

the desalting flow, and allow them to affect the systems performance and the quality of 

desalted water by Faradic/chemical reactions. For example, chlorine ions which are the most 

10 	abundant ions in ground water, can be oxidized and disproportionated at anode, generating 

poisonous chlorine gas and hydrochloric acid (HC1) / hypochlorous acid (HOC1), 

respectively. With the problems on the water quality, the additional hydrogen ion (H+) 

production can worsen the energy consumption to reject those ions. The standard potential of 

the chlorine oxidation is only 1.39V, so corresponding pH change by its disproportionation in 

15 	aqueous solutions was observed even in capacitive deionization (CDI) operated under 2 V. 

Improvements in such technologies are required. 

SUMMARY OF THE INVENTION 

We have developed the en bloc desalination/purification method (removing salt ions 

and charged bio-agents simultaneously) from brackish water by nonlinear ion concentration 

20 	polarization (ICP) phenomenon between two identical ion exchange membranes (IEMs). The 

consequence of the configuration is that only positive (or negative) ions, but not both 

participate in the conduction. Through visualizing and tracing conductivity, dye 

concentration, and particle movement, we have demonstrated the production of fresh 

drinkable water by eliminating salt ions, dyes and particles. The desalting performance is not 

25 	only predictable by the scaling law governing electroconvection (EC) zone height, but also 

stable and remain unaffected from possible chemical reactions at the electrodes. Through the 

comparison between standard ED systems, we reveal and quantify the enhancement of 

desalination energy and current efficiency of ICP desalination for the first time. We have also 

developed a straightforward strategy to scale up the demonstrated platform for 

30 	commercialization, by stacking the unit platforms in parallel, just as in ED. 
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Ion exchange membranes (IEMs) act as an ion filter by allowing only cations or 

anions to pass through. This selective ion transport initiates a unique phenomenon called ion 

concentration polarization (ICP) near the membranes, which is characterized by significant, 

dynamic perturbation in ion concentrations (also known as ion depletion and ion 

5 enrichment)[1, 2]. In 2010, S.J. Kim et al. demonstrated a microfludic desalination device by 

using ICP. Two disadvantages of this technology include chemical reactions and pH changes 

near electrodes and difficulties in scale-up[3]. Here, in this invention, we demonstrate a 

robust desalination/purification platform by utilizing ICP between two identical IEMs. 

Between two juxtaposed similar ion exchange membranes (AEMs or CEMs), an ion 

10 depletion zone (dde) and ion enrichment zone (den) are generated under an electric field (FIG. 

la). As cations are selectively transferred through the CEMs, for example, anions are 

relocated in order to achieve electro-neutrality, resulting in the concentration drop (increase) 

in ion depletion (enrichment) zone. The concentration drop (i.e. salt removal) is low and 

spatially gradual at relatively low voltage or current (i.e. Ohmic regime). However, at higher 

15 voltage or current (i.e. overlimiting regime), strong electroconvective vortex accelerates 

cation transport through CEMs, allowing us to "relocate" most salt ions (FIG. lb). The flat 

depletion zone occurs with significantly low ion concentration, and corresponding strong 

electric field in the zone, and any charged agents (e.g. proteins and bacteria) cannot penetrate 

this flat zone[4, 5]. As a result, we can separate and collect the desalted/purified flow from 

20 brine flow by bifurcating the channel at the end of the CEMs. This ICP 

desalination/purification also happens with two anion exchange membranes (AEMs) by 

relocating cations, but the location of desalted/brine flows are converted (FIG. 1). 
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In a first embodiment, the invention relates to a method of purifying water and/or 

concentrating materials in a water stream. In general, the method produces two streams, one 

which has reduced ionic species (purified water) and one that has concentrated ionic species 

(concentrated stream). Thus, the two terms, purifying and concentrating can be used 

5 interchangeably. 

The invention relates to a method of purifying and/or concentrating a first water 

stream containing ionic impurities comprising: 

10 

a. directing the water stream in a channel comprising an inlet and an outlet 

and defined, at least in part by two juxtaposed ion exchange membranes, 

wherein the ion exchange membranes are characterized by the same 

charge, 

b. applying an electric field across the water stream channel; 

whereby, an ion depletion zone (dde) comprising a purified water stream and an ion 

enrichment zone (den) comprising a concentrated ion aqueous stream are generated and ions 

15 are transferred through the ion exchange membranes; and 

c. collecting the purified water stream and/or the concentrated ion aqueous 

stream. 

In general, the channel formed by the two juxtaposed ion exchange membranes does not 

contain a membrane carrying a charge counter to the two juxtaposed ion exchange 

20 membranes. The consequence of the configuration is that only positive (or negative) ions, 

but not both participate in conduction. In other words, the ions in the electrolyte solution or 

aqueous stream to be purified that participate in the conduction in the apparatus, or cell, carry 

a common charge, while the counterions, or ions carrying the opposite charge, while present, 

do not participate in conduction. Thus, the invention preferably excludes the use of an 

25 apparatus that traditionally functions via electrodialysis. 
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The ion exchange membranes are cationic or anionic exchange membranes. The two 

membranes can be the same or different. Strong anion or cation exchange membranes, as 

those products are generally sold in the art, are preferred. Fumasep® FTAM-E and FTCM-E 

(FuMA-Tech CmbH, Germany) are suitable membranes. However, others can also be used. 

5 In particular, the term "ion exchange membrane" is intended to include not only porous, 

microporous or nanoporous films but also resins or materials through which ions can pass. 

Thus, in one embodiment, an ion exchange resin can be entrapped by one or more meshes (or 

porous membranes) in lieu of or in addition to one or more of the ion exchange membranes. 

10 

The ion exchange membranes can be placed into a support, such as glass, 

polydimethylsiloxane or other inert material. Thus, the support can also contribute to the 

formation of the channels. 

The method results in an ion depletion zone and parallel ion enrichment zone running 

along the length of the chamber. At the outlet of the chamber, the streams in one or both 

zones can be collected. This can be conveniently accomplished by the bifurcation of the 

15 chamber at or near the outlet. 	In one embodiment, a nonionic membrane can be placed 

proximal to the boundaries of these zones to separate or bifurcate the zones and collect one or 

both streams. 

As described herein, the inventors have characterized the fluid flow of the device 

using current-voltage responses categorized as Ohmic (1-2 V), limiting (2-2.5V) and 

20 overlmiting (>2.5 V) regimes. The electric field preferably creates a boundary layer 

comprising at least one electroconvective vortex proximal to at least one of the two 

juxtaposed ion exchange membranes. 

The electric field is created by an electrode and a ground each located external and 

parallel to the channel. In general, the electrode forms a second channel with the first of said 

25 two juxtaposed ion exchange membranes and the ground forms a third channel with the 

second of said two juxtaposed ion exchange membranes. These channels are generally filled 

with an electrolyte solution, which can conveniently be the water stream to be purified or 

concentrated. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features and advantages of the invention will be 

apparent from the following more particular description of preferred embodiments of the 

invention, as illustrated in the accompanying drawings in which like reference characters 

5 refer to the same parts throughout the different views. The drawings are not necessarily to 

scale, emphasis instead being placed upon illustrating the principles of the invention. 

FIG.1 	schematic figures of desalination/purification strategy utilizing ion 

concentration polarization (ICP) between two identical ion exchange membranes 

(IEMs). Two electrodes and two CEMs (or AEMs) are juxtaposed, and the channel 

10 between the two CEMs (or AEMs) is bifurcated at the end of the membranes. Blue 

and red arrows indicate the movement of cations a+  and anions /3. Ion depletion zone 

dde  with low ion concentration occurs at the anodic side of CEMs and at the cathodic 

side of AEMs (meandering dotted lines in FIG. la and c). Electroconvective vortices 

exist in this depletion zone (solid black circles). Ion enrichment zone den  with high 

15 ion concentration occur at the other side of CEMs and AEMs (curvy dotted lines). 

ED is compared in FIG. 1(c). 

FIG. 2 schematic diagram of the new ICP desalination system before (left) and after 

assembly (right). Three channels are built between two CEMs (or AEMs) and two electrodes: 

20 

one channel between two IEMs which are bifurcated as desalted and brine channels (2 and 3), 

and electrode channels where faradic reaction happens (1 and 4). The channel height and 

length are 0.2 and 5-10 mm, respectively. The inter-membrane distance between two CEMs 

is 2 mm. 

FIG. 3 a)current-voltage curve of the new desalination/purification platform with two 

CEMs. Current-voltage response is measured by ramping up the voltage by discrete voltage 

25 jumps of 0.2 V in every 30 seconds. b-c)visualized qualitative concentration profiles right 

before the channel bifurcation (dotted lines in FIG. 3c) with 0.78µM Alexa Fluor 488. 10mM 

NaC1 solution flows with 10µL/min flow rate. Electrodes are rinsed by 10mM dibasic buffer 

solution with 30µL/min flow rate. 
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FIG. 4 a) Conductivities of desalted and brine flows. Conductivity starts to response 

after 100 sec when the desalted/brine flow reaches the conductivity probe. Even the ICP and 

desalting happens without time lag, the saturation of conductivities takes long (400 sec) 

because of relatively large volume of the conductivity probe (17 µL). b) Voltage-time curves 

5 at 20, 60, 100, and 200 µA. Voltage responses show 2.5±0.4, 10.1±1.0, 16.9±1.6, and 

38.6±5.6 V at 20, 60, 100, and 200 p.A, respectively. c) Local concentration profiles and 

strong EC on the anodic side of the lower CEM at 100 µA visualized with 0.78µM Alexa 

Fluor 488. The thickness of depletion zone (dark region on the lower CEM) and that of 

enrichment zone (bright region on the upper CEM) are nearly constant during the 1000 sec 

10 operation. 10mM NaC1 solution flows with 10µL/min flow rate, and electrodes are rinsed by 

10mM dibasic buffer solution with 30µL/min flow rate. The channel width and length are 

2.38 mm and 5 mm, respectively. 

FIG. 5 a) fluorescent images and b)fluorescent intensity curves after flow bifurcation 

when voltage is applied or not. Microparticles are loaded only on the lower part of the flow to 

15 visualize its movement clearly. At 40 V, the negative-charged particles move upwards, and 

the negatively-charged dyes also shifted upwards. As a result, dark region (low fluorescent 

intensity) of the desalted flow and bright region (high fluorescent intensity) of the brine flow 

are observed. The spikes on the fluorescent intensity curves indicate the existence of the 

particles. 

20 FIG. 6 Schematic image of the time-economical massive preconcentrator. The 

microporous membrane (e.g. 1µm porous membrane) is located parallel between two CEMs. 

Vortex instability by ICP is isolated in the lower channel by the porous membrane, and bio-

agents (dot) move upward through the membrane. 

FIG. 7 Demonstration of 20 fold preconcentration of Alexa Fluor 488.a) Fluorescent 

25 image of the preconcentor. Chaotic vortex fluctuation in the lower flow and highly 

preconcentrated dyes in the upper flow are observed. b) Fluorescent intensity curve right 

before the bifurcation of the channel (dotted in in FIG. 8a). We can clearly observe the 

rejection of dyes (0.78µM —*78pM) in the desalted/filtered flow (0-1 mm) and the 

enrichment of dyes (0.78µM —>18pM) in the preconcentrated flow (1-2 mm). 10mM NaC1 

30 solution is applied with flow rate 1 and 20 µL/min in the desalted/preconcentrated channels, 

respectively. 
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FIG. 8 Time response of the preconcentration system: a) fluorescent images, 

b)fluorescent intensity (dye concentration) curves, and c)current response. When 

Q2= 1 20 (50) µL/min, the local dye concentration jumps up to 333.3 (179.5) fold, and 

the average dye concentration in the preconcentrated flow increases up to 153.8 (76.9) 

5 fold. 110 V voltage is applied. 

FIG. 9 Schematic diagram of the stacked platform (5 cells) to achieve high flow rates. 

Green dotted lines indicate the ion depletion zones to reject ions and bio-agents. Sample 

flows (black thick arrows) are separated into fresh desalted/filtered flows and 

preconcentrated/brine flows by ICP. Electrode rinsing solution is circulated between the 

10 CEM and electrodes. 

FIG. 10 a) current-voltage curves of ICP platforms with two CEMs or AEMs and ED 

with various salts, 10mM KC1, NaC1, and LiC1. The current response is measured by ramping 

the voltage up with 0.2 V steps from 0 to 10 V, with 30 sec delay. b) limiting current density 

(LCD) according to governing ions. 2CEM and 2AEM indicate ICP platforms with two 

15 CEMs and AEMs, respectively. 

FIG. 11 a-c)Voltage responses when the constant current is applied, and d-f)Salt 

removal ratio of two types of ICP platform and ED, according to the electrolytes, KC1 (a and 

d), NaCl(b and e), and LiC1 (c and f). Voltage responses are measured during 300 sec 

operation at a constant applied current, and conductivity drops of desalted flows are measured 

20 at the end of 300 sec operation after the conductivity value is saturated. Salt removal ratio is 

calculated as described herein. 2CEM and 2AEM indicate ICP platforms with two CEMs and 

AEMs, respectively. 

25 

FIG. 12 a-c)Voltage responses when the constant current is applied, and d-f)Salt 

removal ratio of two types of ICP platform and ED, according to the systems, ED (a and d), 

ICP with 2CEM (b and e), and ICP with 2AEM (c and f). Voltage responses are measured 

during 300 sec operation at a constant applied current, and conductivity drops of desalted 

flows are measured at the end of 300 sec operation after the conductivity value is saturated. 

Salt removal ratio is calculated as described herein. 2CEM and 2AEM indicate ICP platforms 

with two CEMs and AEMs, respectively. 
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FIG. 8 Time response of the preconcentration system: a) fluorescent images, 
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calculated as described herein. 2CEM and 2AEM indicate ICP platforms with two CEMs and 
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Salt removal ratio is calculated as described herein. 2CEM and 2AEM indicate ICP platforms 

with two CEMs and AEMs, respectively. 
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FIG.13 a-c)Energy consumption, d-f) Energy per ion removal, g-i) Current efficiency, 

and j-1) Area efficiency of two types of ICP platform and ED, according to the electrolytes, 

KC1 (a, d, g, j), NaC1 (b, e, h, k), and LiC1 (c, f, i, 1). Three metrics are calculated as described 

herein. 2CEM and 2AEM indicate ICP platforms with two CEMs and AEMs, respectively. 

5 FIG. 14 a-c)Energy consumption, d-f) Energy per ion removal, g-i) Current 

efficiency, and j-1) Area efficiency of two types of ICP platform and ED, according to the 

systems, ED a, d, g, j), ICP with 2CEM (b, e, h, k), and ICP with 2AEM (c, f, i, 1). Three 

metrics are calculated as described herein. 2CEM and 2AEM indicate ICP platforms with two 

CEMs and AEMs, respectively. 

10 FIG. 15 a) Shift of the salt removal ratios and b) shift of current efficiency of ICP 

platforms with two CEMs /AEMs from that of ED. 2CEM and 2AEM indicate ICP platforms 

with two CEMs and AEMs, respectively. 

15 

FIGs. 16A and 16B Mechanism of current efficiency shift. When molar conductivity 

ratio>1, e. g. NaC1 in 2CEM, chlorine ions drag '0.2' sodium ions from desalted flow, 

resulting 20% enhancement of current efficiency (current is '1'). When molar conductivity 

ratio <1, e. g. NaC1 in 2AEM, chlorine ion holds '0.2' sodium ions in desalted flow, resulting 

20% decrease of current efficiency(current is '1'). 

FIG. 17. Salt removal ratio according to the height of sheared EC. The height is 

calculated with the scaling law. 

20 FIG.18. Ion exchange resin (IER)-embedded ICP desalination platform with two 

cation exchange membranes (CEMs) a) cation exchange resins (CERs) are filled between the 

lower CEM and the integrated mesh to enhance the conduction of cation (a) and split the 

depletion zones. b) the mixture of CERs and anion exchange resins (AERs) are filled to 

enhance the conduction of both cation (a+) and anion ([3-) and split the depletion zones. 

25 Cation a+  (anion [3-) prefer to transfer through CERs (AERs) than the electrolytes (solid 

lines). Anion p-  transfer through the electrolyte without AERs (dotted line). 
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DETAILED DESCRIPTION OF THE INVENTION 

A description of preferred embodiments of the invention follows. 

To demonstrate and characterize desalination/purification of the new platform, the 

sample device is fabricated by slotting IEMs and electrodes into Polydimethylsiloxane 

5 (PDMS) (FIG.2). In 10mM NaC1 solution as a model of brackish water, fluorescent dye 

(Alexa Fluor 488, Invitrogen, Carlsbad, CA) is added to visualize ICP phenomenon. 

Fumasep® FTAM-E FTCM-E (FuMA-Tech CmbH, Germany), and carbon paper (Fuel Cell , 

10 

Store, Inc., Boulder, CO) are used as an AEM, CEM, and electrodes respectively. The 

detailed fabrication and operating procedures are same described in the Kwak et al. [4], 

incorporated herein by reference. 

FIG. 3a shows the current-voltage curves and visualized ICP with fluorescent dyes 

between two CEMs. Typically, current-voltage response can be categorized as Ohmic (0-3 

V), limiting (3-4.5 V) and overlimiting (>5 V) regimes[4]. As described by conventional 

convective-diffusion model[2], a linear concentration drop and increase near the CEMs are 

15 observed in Ohmic regime (2.5 V in FIG. 3b-c). With such linear concentration changes, only 

small amount of ions can be rejected/relocated from the anodic side of the CEM. In an 

overlimiting regime, however, electroconvective vortices and the flat depletion zone are 

observed (10 V in FIG. 3b-c); most ions are shifted from the flat zone (dark region on the 

bottom CEM in FIG. 3c, 10V) to (bright region on the top CEM in FIG. 3c, 10 V). 

20 To verify the desalting performance, we trace the conductivity of desalted and brine 

flows directly by connecting a flow-through conductivity probe (Microelectrode, Inc, 

Bedford, NH) (FIG. 4a). As can be seen in FIG. 4, the conductivity of desalted flow 

decreases and the brine flow conductivity increases, as anion relocates by ICP. The desalting 

performance becomes better as higher applied voltage or current; when 200 µA (or 38.6±5.6 

25 V) is applied, 97% of salt ions are removed from 10mM NaC1 solution. It is noted that the all 

parameters including current, voltage, and desalt/brine conductivities are saturated and hold 

the same values. This indicates that the device operates steady and stable (FIG. 4a-c). 

The rejection of charged particles in the depletion zone of ICP has been observed 

continuously. To validate this rejection on the new ICP platform, we use negatively charged 

30 fluorescent dye and particle: Alexa Fluor 488 and 6µm carboxylate microspheres 

(Polyscience, Inc, Warrington, PA). It is noted that bio-agents in nature are generally 

10 
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negatively charged (e.g. Escherichia coli, Salmonella, and Pseudomonas). Under sufficiently 

high current or voltage, the depletion zone and EC touch the bifurcated point of the channels 

(FIG. 5). Then, most dyes and particles in the desalted flow (lower channel) moves upward to 

the brine flow (upper channel). This shift occurs immediately after voltage or current is 

5 applied, and the ion/dye/particle-free flow is produced. 

To clarify the difference between ICP desalination platform and ED, cations and 

anions in ED can move toward the electrodes under the electric field, cations (anions) are 

10 

`imprisoned' between two AEMs (CEMs) in the ICP platform. Therefore, if the internal 

relocation of anions or cations by ICP does not happen for some reason (e.g. very heavy, 

immobilized ions), the desalted flow will not be produced. The ICP platform can be stacked 

like the ED system, the cell number N of the system can be used to calculate energy and 

efficiencies with the same equations for ED. With a fixed geometry, the cell number of ICP 

platforms are approximately half of ED. The ED system can collect all desalted flows on an 

AEM and CEM (N=1), but the ICP system only sees half of the desalted flows on the lower 

15 CEM or the upper AEM (N=1/2). If we extend the system to reaction channels between the 

IEMs and the electrodes, we can find the other half of the desalted flow on the anodic side of 

the upper CEM and on the cathodic side of the lower AEM. 

To compare ICP and ED quantitatively, we control or trace all parameters in the two 

systems, including current or voltage, conductivity, flow rate, device's geometry, etc.. We 

20 compared five performance metrics to compare the desalination performance between ED 

and ICP : i) salt removal ratio, ii) energy consumption, iii) energy per ion removal, iv) current 

efficiency, and v) membrane (electrode) area efficiency. 

First, salt removal ratio is a parameter to indicate the desalting ability of devices. By 

measuring the concentration (or conductivity) of sample flows Co and that of the desalted 

25 flow Caesar, we can figure out how many salt ions are removed from the discrepancy 

between the two conductivities. Salt removal ratio is non-dimensional form of the amount of 

desalted ions by the initial ion concentration (or conductivity): 

— 
Salt 	 — Co 	Cdesalted removal ratio 

Co  
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C -C Salt removal ratio =— desalted . 
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The concentrations can be converted from the measured conductivity a in experiments with 

given molar conductivities of electrolytes. Here, we use only dilute binary electrolytes (z+ = z 

= 1), 10mM KC1, NaC1, and LiC1 solutions. Then, the equation for conversion is 

o 	S/ m 
C. [mo// m3  = iniv]- [

2 A 	+A 	S•m /mo/
], 

(1.2) 

where At, and A__,, are the molar conductivity of cation and anion. The molar conductivities 

of Cl-, K+, Na+, Li+  are 7.63, 7.36, 5.01, and 3.87 [103  S M2  mal ], respectively, which are 

connected closely with their diffusivity. 

To compare different desalination devices, energy consumption is frequently measured. 

In electrochemical desalination systems, energy consumption for desalination is electrical 

power consumption (multiplication of current I and voltage V) divided by the flow rate of 

desalted water Qdesalted  per one cell: 

/V 
Energy consumption = 	[Wh/L] . 

Qdesalted I  N 

(1.3) 

While energy consumption is an important metric determining the economic viability of the 

desalination technique, it cannot represent the desalination energy efficiency of the system. 

We therefore consider energy consumption to remove a single ion, i.e. energy per ion 

removal, which can be obtained by dividing energy consumption by the amount of removed 

ions and non-dimensionalizing by thermal energy kBT (=2.479 kJ/mol): 

NIV I Qdesalted 
 Energy 	ion per 	removal = 

kBT(Co — C desaued ) 

(1.4) 

Energy per ion removal is a parameter representing how efficiently energy is consumed to 

reject ions by combining the concept of energy consumption and salt removal ratio. However, 

it is noted that salt removal ratio or the value of conductivity drop should be checked 

together, because better energy per ion removal does not necessarily represent better 

desalting performance. 
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Current efficiency describes the ratio of rejected ions in desalted flow and ions 

transferred at the electrodes. The following equation is a modified to obtain current efficiency 

from the concentration differences of initial sample flow and desalted flow: 

ZNdesalted (CO — Cdesalted ) current efficiency = 
NI 	• 

5 (1.5) 

Last, area efficiency represents the amount of desalted ions per unit area of the working 

membranes or electrodes: 

C Co — 	desalted Area 	 / m2 ] , efficiency = 	 [mM 
A 

(1.6) 

10 where A is the working area of IEMs here. The most significant cost of an electrochemical 

desalination system is the membrane cost, therefore higher area efficiency would be 

economically favorable. However, there is usually a trade-off between area efficiency and 

energy consumption; if one increases area efficiency to enhance salt removal ratio with a 

limited size device by applying higher electric potential, energy consumption will increase. If 

15 one uses a larger system for better salt rejection at a fixed voltage or current, area efficiency 

becomes lower. 

20 

The three platforms described here, ICP with two CEMs (2CEM) or AEMs (2AEM) 

and ED, are fabricated to study the differences and any potential advantages of each 

technique. The height h, width w, and length L of the working channel is 0.2, 2, and 10 mm, 

respectively. The area of working IEMs is therefore 2 x 10-6  m2. Three different electrolytes 

(10mM KC1, NaC1, and LiC1) with 10 mM concentration are used to observe the effect of 

asymmetric molar conductivity (or diffusivity) of cation and anion. The flow rate between 

IEMs is 20µL/min, so the desalted flow rates Qdesalted  are 10 µL/min for ICP platform and 

20µL/min for ED. The electrodes are rinsed with the same electrolytes (KC1 or NaC1 or LiC1) 

25 with 30µL/min; dibasic buffer solution is not used here to supply the same cations or anions 

within the sample water. 

First of all, we measure current responses on applied voltage from 0 to 10 V to 

overview the ICP and ED systems' characteristics. As can be seen in the figures, the transition 

from Ohmic to overlimiting regimes are clearly observed with the slope changes near 2V. 
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Interestingly, the current-voltage curves of ED and ICP platform with two CEMs are almost 

same, but the curves of ICP platform with two AEMs are located above even with the same 

electrolytes. This indicates two major characteristics of the ICP and ED platforms; the current 

responses are governed i) by the conducting ions (cations in 2CEM and anions in 2AEM) or 

5 ii) by the slower ions (cations in ED). The movement of Cl-  always governs ICP platform 

with two AEMs with KC1, NaC1, and LiC1 solutions. The movement of cation governs ICP 

platform with two CEMs and ED, because chorine ion has a higher molar conductivity than 

cations here. If we place ions in the order of higher molar conductivity (proportional to 

electrophoretic mobility or diffusivity), it is CL > K+ > Na+  > Li+. Accordingly, in ICP with 

10 2CEM and ED, the current values with K+  are higher than that with Na+  and Li+. (FIG.10) 

The phenomena by previous linear ICP analysis is that a limiting current density (LCD) 

is linearly proportional to the diffusivity (or molar conductivity) of conducting ions. Here, the 

limiting current can be selected at the location where the current-voltage curve is bent. 

For quantifying desalting performances of two types of ICP platform and ED, we record 

15 voltage responses, conductivity drop of desalted flows, and visualized ion concentration / 

flow profiles with fluorescent dyes during 300sec at a constant applied current (Ohmic 

regime: 5, 10 i.tA and overlimiting regime: 20, 30, 50, 75, 100, 150, 200 µA) and a given flow 

rates (20µL/min) of various aqueous solutions with 10 mM KC1, NaC1, and LiC1. Based on 

the given, controlled, and measured parameters, we also obtain salt removal ratio, energy 

20 consumption, energy per ion removal, current efficiency, and area efficiency for all data 

points. As can be seen, most parameters have similar values in Ohmic regime (5 and 10µA) 

with lower current and voltage (< 2 V), but there are clear differences in overlimiting regime. 

This extensive dataset of three different systems with three different electrolytes reveals 

many interesting trends and elucidates the differences between ICP platform and ED with 

25 nonlinear ICP. 

30 

First, the voltage-current responses show the similar tendencies. Correspondingly, the 

energy consumptions of ED and ICP with 2CEM are matched when the same electrolyte is 

used. In the case of ICP with 2AEM, chlorine ions can move faster with higher molar 

conductivity, resulting in lower cell resistance, lower voltage responses at a given current, 

and lower energy consumptions than the other two systems. 
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rates (20 |xL/min) of various aqueous solutions with 10 mM KC1, NaCl, and LiCl. Based on 

the given, controlled, and measured parameters, we also obtain salt removal ratio, energy 

20 consumption, energy per ion removal, current efficiency, and area efficiency for all data 

points. As can be seen, most parameters have similar values in Ohmic regime (5 and 10 |iA) 

with lower current and voltage (< 2 V), but there are clear differences in overlimiting regime. 

This extensive dataset of three different systems with three different electrolytes reveals 

many interesting trends and elucidates the differences between ICP platform and ED with 

25 nonlinear ICP. 

First, the voltage-current responses show the similar tendencies. Correspondingly, the 

energy consumptions of ED and ICP with 2CEM are matched when the same electrolyte is 

used. In the case of ICP with 2AEM, chlorine ions can move faster with higher molar 

conductivity, resulting in lower cell resistance, lower voltage responses at a given current, 

30 and lower energy consumptions than the other two systems. 
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However, salt removal ratio of ICP with 2AEM are worse than both ICP with 2CEM 

and ED; ICP with 2CEM shows larger salt removal ratio than ED, meaning that with the 

same amount of driving current, ICP (2CEM) can move more ions from the desalted flow 

output. It is noted that with faster cation (K+  > Na+  > Li), the salt removal ratio is constant 

5 (ED) or higher (ICP with 2CEM) or lower (ICP with 2AEM). This ambitendency of the salt 

removal ratio at a constant applied current is also shown in the current efficiency. The current 

efficiency of ICP with 2CEM (2AEM) always better (worse) than ED, and the trend is 

magnified the cation molar conductivity is lower. This phenomenon will be discussed in 

detail in the next section. 

10 Energy per ion removal represents the combined efficiency of both energy consumption 

and salt removal. Energy per ion removal of ICP with 2AEM have the lowest values, as like 

energy consumption. However, energy per ion removal of ICP with 2CEM becomes better 

than that of ED. It is because of higher salt removal ratio of ICP with 2CEM and that of ED, 

even the energy consumption are the same. In all three systems, removing slow ions (Li) 

15 require more energy than the other faster ions (K+  and Na). Energy per ion removal in 

overlimiting regime is 0(103  kB7), but it becomes 0(10 kB7) in Ohmic regime, which is 

comparable with state-of-the-art CDI systems. While the operation in Ohmic regime (applied 

current < 20[tA) shows better energy efficiency (i.e. energy per ion removal), the area 

efficiency is significantly low. This enlightens us about the trade-off in optimization of 

20 desalting processes; better energy per ion removal and worse area efficiency (e. g. CDI or 

Ohmic ED), or higher salt removal ratio and area efficiency but worse energy per ion removal 

(e. g. nonlinear ED or ICP). The former is ideal for achieving the maximum energy 

efficiency, but challenging to deal with large amount of salts (high salinity feed water). The 

latter can handle high salinity feed water (due to high salt removal ratio) and the system size 

25 can be minimized, at the cost of higher energy expense per ions removed. 

As discussed above, current - voltage responses in ICP and ED platforms with various 

salts can be largely expected from the linear and nonlinear ICP model from the previous 

chapters. However, the trend of the salt removal ratio is exponible for deeper understanding 

of ion transport in ICP desalination process, along with energy per ion removal and current 

30 efficiency. 
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FIG. 15a shows the discrepancy of salt removal ratio between ICP platforms and ED. 

While there is no discrepancy in the Ohmic regime (< 20[tA), the salt removal ratio shifts up 

(down) for ICP platforms with two CEMs (AEMs), as the molar conductivity of cation is 

lowered. In fact, current efficiency can be larger than 1 for the ICP with two CEMs. One 

5 possible explanation of this rather surprising result is cation-anion interaction (co-location) 

enabled by strong electric field and EC generated in the system to return to electroneutrality. 

When an electric field is applied, conducting ions (cation on CEMs and anion on AEMs) and 

relocating (non-conducting) ions (anion on CEMs and cation on AEMs) move towards the 

opposite directions, with non-conducting ions eventually blocked by the membrane and 

10 forming the enrichment zone. Especially at the anodic (cathodic) side of CEMs (AEMs), the 

conducting-relocating ion pairs have to be separated strongly to develop extended space 

charge layers (ESC), but only near the membrane surface. In the bulk solution, however, 

electroneutrality condition will be maintained, and the faster ion drags the slower ion toward 

the direction of the faster ion movement (FIG. 16). Then, the amount of rejected ions in 

15 desalted flow (or ion depletion zone) increases if the relocating (non-conducting) ion is faster 

(higher electrophoretic mobility / molar conductivity) (FIG. 16). If the conducting ion is 

faster, it drags the relocating ions to suppress depletion zone and decreases salt removal ratio 

(FIG.16). While this phenomenon happens on CEMs and AEMs in ED, the enhancement and 

suppression occurs on the different IEMs at the same time, canceling this effect. To check 

20 this hypothesis, we draw the discrepancy of current efficiency between ICP platforms and ED 

according to the molar conductivity ratio, which is given by: 

A. of relocating ion 
Molar 	 —   conductivity ratio 

A, of conducting ion 

(1.7) 

The current efficiency shift of ICP platform from ED shows strong dependency on molar 

25 conductivity ratio, which supports our hypothesis. 

With the scaling law for the height of sheared EC, salt removal ratio in overlimiting 

regime can be predicted. Because the most ions are rejected or relocated from the depletion 

zone (or EC zone), the height of EC represents the degree of salt removal occurring in the 

system. Fig 17 shows the salt removal ratio of two ICP platforms with CEMs and AEMs, and 

30 ED. As can be seen, all data points in overlimiting regime obtained with two ICP platforms 
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(and three different kinds of electrolytes) and ED are collapsed onto the two separate linear 

lines (one for ICP, another for ED). The scaling constant C for all cases is 3.93 x le. There 

are two notable points i) trend is consistent regardless of the electrolyte species or molar 

conductivity ratio and ii) steeper slope of ICP platforms than that of ED. The resulting salt 

5 removal ratio of ED is well fitted to the slope of 1. Interestingly, however, the slope becomes 

higher about 1.4 times for ICP techniques (both for 2AEM and 2CEM cases). This indicates 

that the more ions can be removed at a given geometry, electric potential, and flow velocity 

by using ICP platform, compared with ED. This advantage of ICP platform from ED is 

presumably coming from opening the system by using only one type of IEMs for free 

10 conduction of cation or anion. Yet, further theoretical modeling and study would be required 

to fully understand and utilize this. 

In one embodiment, an ion exchange resin, e.g., in a bead form, can be added to the 

channel, e.g., in the path of the desalted flow stream. In a continuous electrodeionization 

(CEDI) process, IERs can enhance ion transfer toward the IEMs, particularly where the IER 

15 is more conductive than the electrolyte or aqueous stream to be purified. In addition, 

generation of hydrogen (H+) and hydroxide (OH) ions by water splitting help IER's 

regeneration (i.e. the procedure for recovering the ion exchange capacity of IER), so CEDI 

can remove even weakly ionized species such as carbonic acid; this phenomenon is called 

electroregeneration. Enhanced ion transfer and electroregeneration by IER allows CEDI to 

20 produce ultrapure water. 

FIG. 18 shows IER-embedded ICP desalination platform with two CEMs. Between the 

CEMs, a mesh is inserted to separate the regions of desalted and brine flows, and act as a 

container for IERs. Here, we add cation exchange resins (CERs) or both CERs and anion 

exchange resins (AERs) in the desalted flow region for two purposes. First, the system's 

25 resistance decreases for both conducting ions (e.g., the cation by CERs) and relocating ions 

(the anion by AERs), which is the same function of IERs in CEDI. Second, we can generate 

small depletion zones on CERs (green wavy lines in 18B), instead of one large depletion zone 

on the lower CEM (FIG. la). Fractionizing depletion zones by CERs minimizes the 

instability of electroconvection (EC), enhancing energy efficiency to remove ions; energy per 

30 ion removal is worsen when the depletion zone is expanded at higher voltage or current (FIG. 

13d-f). It is noted that the fractionizing strategy can be applied for produced water 
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desalination, which have a harsh condition (high salinity of sample waters) to generate ICP 

strongly. 

Bio-agents in nature are generally negatively charged (e.g. Escherichia coli, 

Salmonella, and Pseudomonas). To demonstrate the rejection of these bio-agents, we use 

5 negatively charged fluorescent dye and particle: Alexa Fluor 488 and 6 pm carboxylate 

microspheres (Polyscience, Inc, Warrington, PA). As ICP is generated under an electric field, 

most dyes and particles in the desalted flow (lower channel in FIG. 5a) moves upward to the 

brine flow (upper channel in FIG. 5a). This shift occurs immediately after voltage or current 

is applied, and the ion/dye/particle-free flow is produced. 

10 The key concept to use the described purification/desalination system as a 

preconcentrator is fluidic isolation of two desalted and brine channels (2 and 3 in FIG. 2). 

The inserted microporous membrane between two CEMs separate the desalted and brine 

channels (FIG. 6). The pore size of the inserted membrane is large enough to allow target bio-

agent transport, but it is small enough to prevent fluidic momentum transfer; hydrodynamic 

15 resistance through the microporous membrane is much higher than that of the channels, so 

electroconvective vortices by ICP is confined only in the desalted channel (FIG. 6a). 

With the ideal case assumption that no charged bio-agents can penetrate the ion 

depletion zone (line in FIG. 6), and the agents will move to the brine channel, generating 

preconcentrated flow (arrow in FIG. 6). In this scenario, the concentration factor r can be 

20 controlled by adjusting the ratio of flow rates of two desalted/brine channels, r = Q210. 

To validate the preconcentration performance, we quantify the dye concentration in 

the system. 0.78 µM Alexa Fluor 488 in 10mM NaC1 solution flows continuously (FIG. 7a). 

Polycarbonate membrane with 1µm pores (Sterlitech Co., Kent, WA) is inserted between two 

CEMs. In FIG. 8, strong electroconvective vortex and ion depletion zone under 50 V are 

25 confined in the desalted (lower) channel. Mismatched flow rates in two channels (Qi and Q2) 

result in strong perconcentration of dyes in the preconcentrated (upper) channel. It is noted 

that the experimental preconcentration factor (-23 fold) is well matched with the calculated 

factor (r = Q210= 20) (FIG. 7b). 

To increase higher concentration factor and high sample throughput, we demonstrate 

30 the preconcentration of 78 pM Alexa Fluor 488 in 1mM NaC1 with higher flow rate ratio 

(Q2=50 or 120 µL/min and 0-0) (FIG. 8). The preconcentrated dyes would be diffused out 
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preconcentrated flow (arrow in FIG. 6). In this scenario, the concentration factor r can be 
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To validate the preconcentration performance, we quantify the dye concentration in 

the system. 0.78 |iM Alexa Fluor 488 in lOmM NaCl solution flows continuously (FIG. 7a). 

Polycarbonate membrane with l|im pores (Sterlitech Co., Kent, WA) is inserted between two 

CEMs. In FIG. 8, strong electroconvective vortex and ion depletion zone under 50 V are 
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of the preconcentrated channel because the flow rate is nearly zero. Fluorescent intensity in 

the preconcentrated flow and current response are recorded in 2000sec. As can be seen in 

5 

FIG. 8, dyes are highly preconcentrated up to 333 fold (locally). The concentration of 

preconcentrated dye and current response (under 110 V) are saturated and maintained, 

indicating stable and steady operation (FIG. 8b-c). 

The method of the invention can be used to detect molecules. Microfluidic devices for 

molecular detection have been extensively pursued, due to many well-documented 

advantages of such systems; rapid analyses, less consumption of samples and reagents, and 

potential for massive parallelization and automation. However, efficient world-to-chip 

10 interfacing, sample preparation and concentration of low-abundance analytes remain as 

challenges, especially for non-nucleotide targets. To achieve more sensitive detection for any 

given sensor platform, various sample preconcentration approaches have been developed, 

including isotachophoresis, electrokinetic trapping, membrane filtration, and ion 

concentration polarization. These methods could potentially enhance the sensitivity of 

15 biological assays such as immunoassays and enzyme activity assays. So far, most existing 

biomolecule concentration devices operate by collecting or trapping low-abundance 

biomolecules within a small volume sample plug. While this mode of concentration is 

efficient in increasing the local concentration, it is often limited in maximum flow rate / 

sample volume one can process, and the integration with downstream detection steps is 

20 commonly challenging. One could avoid these problems by carrying out the detection within 

the plug during the ongoing concentration process, but different electric / fluidic / pH / other 

conditions within (or near) the concentrated plug could render such in situ detection less 

desirable. Otherwise, cells could be concentrated by inertia force-based microfluidic device, 

but they are not suitable for biomolecule concentrator because the size of molecules is too 

25 small to expect inertial effect. 

The present invention offers a continuous flow device to produce a concentrated stream 

containing a molecule to be tested. The test molecule can be detected by methods generally 

known in the art. 

While scale-up is one of the biggest hurdles of the various microfluidic platform for 

30 commercialization, the demonstrated technology here can be scaled-up very easily. We can 

stack the unit system to achieve high flow rates (FIG. 9). It is possible because the invented 
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25 small to expect inertial effect. 

The present invention offers a continuous flow device to produce a concentrated stream 

containing a molecule to be tested. The test molecule can be detected by methods generally 

known in the art. 
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platform here has a symmetrical and reciprocal design, like electrodialysis (ED) system. In 

fact, one can potentially use the existing ED platform and modify it into ICP desalination 

system, by simply removing all the AEMs yet keeping all the fluid routing. Therefore, this 

will make the technology quite attractive to companies already manufacturing ED systems at 

5 various scales. We expect that the power efficiency of the system will be comparable to that 

of ED technology. We also note that the demonstrated sample device has a shallow depth, 

0.2mm, which treats up to 120 µL/min samples. Therefore, for example, if we modify a 

commercial handheld ED system (25 cell pairs, active membrane area: 64 cm2, 

intermembrane discance: 1 mm, and the total device dimensions 165x150x190 mm3  (weight: 

10 3 kg))(ED64004, PCCe11 GmbH, Germany), we can deal with sample waters up to 1152 L in 

1 hour. 

The technique described here was demonstrated in the desalination/purification of 

brackish water and the preconcentration of dyes in fresh/brackish water (1 and 10mM NaC1 

solution), but the basic idea behind the technology can be applied to other conditions and 

15 targets, including seawater/produced water desalination and bacteria preconcentration for 

water monitoring. There is a very substantial commercial opportunity for developing 

efficacious water desalination/purification/monitoring processes for the following reasons. 

First, reverse osmosis (RO) is currently the dominating technology in non-thermal 

desalination market. However, electrochemical desalination methods (e.g. electrodialysis and 

20 capacitive deionization) start to receive attention because of several important advantages, 

such as high water purity and scalability[4]. The invention disclosed here can provide two 

critical merits of the electrochemical desalination methods: single-step purification and high 

area efficiency by utilizing the nonlinear ICP. 

Second, preconcentration/enrichment process is valuable to analytical chemistry field 

25 to detect low concentration targets, such as detrimental toxins and bacteria in recreational and 

drinkable waters[7]. Therefore, various methods to concentrate targets have been developed 

from centrifuge (in laboratory scale) to electrokinetic trapping (in microscale). While these 

existing methods are accurate and specific, there are critical limitations. In the case of 

laboratory scale preconcentrators (e.g. centrifuge and evaporation), they need relatively long 

30 operation time (few hours to days). In contrast, preconcentration process built in microfluidic 

systems (e.g. electrokinetic trapping and isotachophoresis) have short time scale, but; 
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systems (e.g. electrokinetic trapping and isotachophoresis) have short time scale, but; 

20 



WO 2014/209669 
	

PCT/US2014/042655 

extremely low sample volume throughput (pL—uL per 1 hour). Then, if the target is quantized 

and have extremely low sample concentration, the microsystem's reliability would be low. 

The preconcentration technology described here can potentially produce large volume of 

preconcentrated targets in 1 hour. 

5 
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CLAIMS 

What is claimed is: 

1. A method of purifying and/or concentrating a first water stream containing ionic 

impurities comprising: 

5 a. directing the water stream in a channel comprising an inlet and an outlet 

and defined, at least in part by two juxtaposed ion exchange membranes, 

wherein the ion exchange membranes are characterized by the same 

charge, 

b. applying an electric field across the water stream channel; 

10 whereby, an ion depletion zone (dde) comprising a purified water stream and 

an ion enrichment zone (den) comprising a concentrated ion aqueous stream 

are generated and ions are transferred through the ion exchange membranes; 

collecting the purified water stream and/or the concentrated ion aqueous 

stream. 

15 2. The method of claim 1 wherein the channel formed by the two juxtaposed ion 

exchange membranes does not contain a membrane carrying a charge counter to 

the two juxtaposed ion exchange membranes. 

3. The method of claim 1 wherein the two juxtaposed ion exchange membranes are 

20 cationic exchange membranes. 

4. The method of claim 1 wherein the two juxtaposed ion exchange membranes are 

anionic exchange membranes. 

25 5. The method of claims 1, 2 or 3 further comprising a nonionic porous membrane 

separating or bifurcating the ion depletion zone and the ion enrichment zone. 

6. The method of claim 5 wherein the nonionic porous membrane is located at the 

outlet of the channel. 
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7.  The method of any one of the preceding claims wherein the electric field creates a 

boundary layer comprising at least one electroconvective vortex proximal to at 

least one of the two juxtaposed ion exchange membranes. 

5 8.  The method of claim 7 wherein the electric field is created by an electrode and a 

ground each located external and parallel to the channel. 

9.  The method of claim 8 wherein the electrode forms a second channel with the first 

of said two juxtaposed ion exchange membranes and the ground forms a third 

10 channel with the second of said two juxtaposed ion exchange membranes. 

10.  The method of claim 9 wherein the second and third channel are filled with an 

electrolyte solution. 

15 11.  The method of claim 10 wherein the electrolyte solution is the first water stream. 

12.  The method of claim 10 wherein a voltage or current in the overlimiting regime is 

applied. 

20 13.  The method of any one of the preceding claims wherein the first water stream 

comprises salt. 

14.  The method of any one of the preceding claims wherein the first water stream 

comprises biomolecules. 
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