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In this thesis, physical properties of concentration boundary layer induced by 

permselective ion transportation was discussed. Investigating concentration 

boundary layer is an important subject since the layer is one of the starting point of 

causing various interesting physical phenomena. If we properly obtain the 

concentration boundary layer profile, not only does it help exploring unique 

phenomena arising from the permselective ion transportation but also it can support 

ground data when conceiving engineering applications. However, modeling 

electrokinetic transport phenomena is highly complex because it requires 

simultaneous solution of continuity equation, Navier-Stokes equation, Nernst-

Planck equation, Poisson equation. Also, boundary conditions should be considered 

too such as device geometry, surface potential, porosity of the nanoporous 

membrane etc. Due to these diversity and complexity, answering the concentration 
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boundary layer profile exactly still remained as an enigma. Acquiring experimental 

solutions are also a complex problem because direct measurement of concentration 

profiles is realistically unfeasible.  

To expand the scientific understanding on permselective ion transportation, the 

thesis focused on the role of concentration boundary layer where microchannel was 

combined with nanoporous membrane. Concentration boundary layer was mainly 

induced by permselective ion transportation with its mechanism divided into two 

parts; electromigratory flux and diffusive flux. So, the thesis was divided into two 

parts which had background physics of ion concentration polarization (chapter 2, 3 

& 5) and diffusiophoresis (chapter 4), respectively. 

First in chapter 2, an air valve using Young-Laplace equation was conceived for 

the exact electrokinetic measurement along with convenient experiments. The new 

structural components of bifurcated side-microchannels connected to the main 

microchannel was proposed, which allowed to reduce the time needed for initial 

filling and flushing the device with sample. The formation of virtual valves due to 

Laplace pressure developed at liquid/air/hydrophobic solid interfaces prevented the 

leakage of a liquid. The air valve structure enabled exact electrokinetic responses in 

comparison to the conventional 1-D micro/nanofluidic device while saving times of 

filling and flushing in the microchannel of the conventional device.   

Secondly in chapter 3, parallel formation of nanoporous membrane with the 

microchannel which had the effect of enhancing surface conduction was proposed. 

This geometry lead to the alternation ionic transportation mechanism from 

electroosmotic flow to surface conduction. The change of mechanism gave a 

unique property of stabilizing concentration boundary layer propagation even at 

high concentration electrolyte due to newly formed bifurcated current path. Also, 
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non-destructive cellular preconcentrator was demonstrated as an engineering 

application.  

Thirdly in chapter 4, experimental investigations on the exclusion zone 

formation near the surface of an ion exchange medium in the presence of a steady 

channel flow were discussed. The exclusion zone was formed by diffusive flux of 

ions transporting into the nanoporous membrane. Exchange of cations at the 

Nafion/liquid interface created the concentration gradient of the ions near the side 

walls, which then formed an exclusion zone of suspended particles. Concentration 

boundary layer was characterized by Sherwood number which is a non-

dimensional number. Different types of charged particles were tested to visualize 

exclusion zones under different conditions. Then the formation of exclusion zone 

in the channel flow was used as a method for water cleaning.  

Finally in chapter 5, spatiotemporal concentration profile of diffusion-

convection layer during ion concentration polarization process had been measured 

through microelectrodes to investigate the concentration profile directly. Au 

microelectrodes arrays fabricated by conventional lift-off process enabled 

measuring the local potentials of the microchannel. Traditional diffusion-

convection layer showed linear concentration profile. However, the measured data 

indicated the existence of near plateau concentration distribution over the 

diffusion-convection layer in a microfluidic environment. Also, even though the 

plateau concentration region had rather higher concentration compare to ion 

depletion zone, it also acted as a virtual boundary of physical properties similar to 

ion depletion zone. 

In this thesis, various experimental methods were adopted to elucidate the 

properties of concentration boundary layer in specific conditions. Concentration 
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boundary layer induced by permselective ion transportation was explored with two 

physical phenomena; ion concentration polarization and diffusiophoresis. 

Analytical approach based on experimental results was given with practical devices 

simultaneously. This work would expanded the scientific understandings on 

concentration boundary layer induced by permselective ion transportation.  
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Chapter 1. Introduction 

1.1 Permselective ion transport 

Permselective ion transport is a preferential permeation of certain ionic species 

through ion exchange membrane. The free ions in the solution are either attracted 

to or repelled from a charged surface depending on the sign of the surface charges. 

Such a redistribution of free ions in the solution together with the surface ions give 

rise to what are known as electric double layers (EDL)[1]. Debye length, -1 is a 

measure of the electric double layer thickness, and is a property of the electrolyte 

solution which is defined as 

2/1

22

1 )
2

(


 
nze

TkB


                      (1.1) 

Here,  is dielectric permittivity of the solvent, kB is Boltzmann constant, T is 

absolute temperature, e is elementary charge, z is the ionic valence, and bulk 

concentration n∞[1]. 

As equation 1.1 implies, the Debye length depends on ionic concentration and 

can vary from less than 1 nm at high ionic strength to a few tens of nanometers at 

low ionic strength. If the channel’s dimension is larger than the Debye length, 

redistribution of counter ions compensate the channel’s surface potential. 

Redistribution of ions leads the channel’s potential to zero as shown in Figure 

1.1(a). If the channel dimension becomes smaller and is comparable to the Debye 

length, overlap of EDL occurs. The mobile counter ions cannot compensate all the 

surface potential of the channel. Electric potential at the channel’s center doesn’t 

reach zero as shown in Figure 1.1(b). Due to this non-zero potential, electrical 

repulsion hinders transportation of co-ions through the channel while counter ions 
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can easily pass through the channel. The ratio between Debye length and the 

channel dimension is a critical parameter for permselective ion transportation since 

the overlap of EDL is a prerequisite condition. This phenomenon generally occurs 

at nanochannel or nanoporous membrane. Also, most substances’ surface potential 

are negative (e.g. Silicon, Glass, Nafion)[2, 3] acting as a cation-selective channel. 

Therefore, cation-selective ion transportation will be dominantly covered in this 

thesis.  

 

Microchannel Nanochannel

Negative

surface

charge 0

0 0

Electrical double

layer (EDL)

: electrical potential

surface potential

EDL overlap

(a) (b)

 

Figure 1.1. The schematic figure of (a) non EDL overlap at microchannel (b) EDL 

overlap at nanochannel. Not to scale. 
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1.2 Permselective ionic flux: migration-diffusion equation 

Over the past decades, permselective ion transportation had drawn significant 

attentions in the field of not only biomedical[4] and environmental applications[5] 

but also the fundamental researches of electrokinetic theory[6-8]. The experimental 

exploration of permselective ion transportation was accelerated with the advent of 

nanoporous membrane and development of sophisticated fabrication methods for 

nanochannel[7]. When system was composed of microchannel combined with 

nanochannel, unique property arose not only inside the nanochannel but also at the 

junction of nanochannel and microchannel. This was due to the influence of 

permselective ion transportation on bulk electrolyte concentration. At the 

microchannel, the interests were the movement or mass transfer of the anions and 

the cations as well as the bulk concentration boundary. The permselective ionic 

flux (j) of the ith species was given by  

iii  -  cDc
z

z
i

i

i

i  Ej                    (1.2) 

where subscript ‘i’ represents ith species,  the electrophoretic mobility, c the 

concentration, E the electric field, and D the diffusivity[1].  

The first term on the right-hand side represented the contribution of 

electromigratory flux and the second term was due to the diffusive flux. The 

change of concentration affected all the physical parameters inside the system such 

as electric field, ionic flux, flow field, movement of particles, and so on. 

Many research groups had utilized various concentration devices such as 

isoelectric focusing[9], capillary electrophoresis[10], electrokinetic trapping[11], 

field amplification stacking[12], isotachophoresis[13], affinity-based extraction[14] 
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and membrane filtration[15]. Among these various techniques, the thesis focused 

on the phenomena called ion concentration polarization (ICP) and diffusiophoresis, 

which utilized permselective ion transportation for the formation of concentration 

boundary layer.  

 

1.3 Ion concentration polarization (ICP) 

Among many permselective ion transportation related phenomena, ICP was 

considered as one of the most unique phenomenon utilizing electromigratory flux, 

since it had numerous exciting features in terms of nanoscale electrokinetics and 

the great applicability for the engineering fields that required the proficient 

manipulation of ions. ICP is the generation of a steep concentration gradient 

between the anodic/cathodic side of a nanoporous membrane (or nanochannel) 

under dc bias[16]. The essential mechanism of ICP is that only counter-ions can 

pass through a charged nanoporous membrane under dc bias[17, 18]. This results to 

the imbalance of ion concentrations at anodic and cathodic side of the membrane. 

The regions with low concentration at anodic side and high concentration at 

cathodic side are called an ion depletion zone and an ion enrichment zone, 

respectively[17, 18] as shown in Figure 1.2.  

Micro/nanofluidic preconcentration device based on ICP was firstly reported in 

2005, showing a factor up to a million-fold and easy operation[19]. The ion 

depletion zone contained various fundamental issues such as instability[20], 

overlimiting current[21], and nonlinear electrokinetic flow[22]. One of ion 

depletion zone’s important property is locally amplified electric field and flow 

caused by high electrical resistance[22]. Although considerable progresses have 
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been made towards the understanding of ICP, the mechanism of concentration 

boundary layer formed by ICP is still rarely unknown.   

 

 

 

Figure 1.2. The schematic figure on principle of the ion concentration polarization 

(ICP) in the early model. N+ and N- are the number flux of cation and anion, 

respectively. ‘diff’ represents diffusion. 



 

 6 

1.4 Diffusiophoresis 

Diffusiophoresis is a natural migration of colloidal particle due to concentration 

gradient. The active investigations on the diffusiophoretic migration had led to 

various impressive applications. Especially, the colloidal particles were 

anomalously being excluded away from either nanoporous material[23], biological 

tissues[24], white blood cells[25] or hydrophilic monolayer[26], resulting in a 

particle-free zone of up to several hundred micrometers adjacent to the 

material/water interface even if there were no external driving forces.  

Here, the concentration gradient was self-generated due to the permselective ion 

transportation toward the membrane with diffusivity difference of cations. When 

charged particles were immersed in an electrolytic solution with a concentration 

gradient, the particle propelled along the concentration gradient by two 

mechanisms: (i) chemiphoresis and (ii) induced electrophoresis[27-29]. Briefly, the 

concentration gradient induced an asymmetric EDL around the charged particles as 

shown in the first panel of Figure 1.3(a). Due to the asymmetric EDL, the electric 

field was self-generated (the second panel of Figure 1.3(a)) so that the particle 

migrated toward the high concentration region (the third panel of Figure 1.3(a)), 

which is called chemiphoresis. The second mechanism was based on the electric 

field induced by the diffusivity difference of dissolved ionic species rather than the 

asymmetric EDL. Typically, the diffusivity of different ions were unequal so that 

the diffusion rates of each ionic species were dissimilar. However, the 

electroneutrality should be held in the solution and, thus, an electric field was 

generated to retain the local electroneutrality as depicted in Figure 1.3(b). If 

particle was immersed in this environment, it transported along the induced electric 
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field. This phenomena is called as induced electrophoresis. The combination of the 

chemiphoresis and induced electrophoresis would provide the particle migration 

along the concentration gradient, called as diffusiophoresis. 

 

(i) Asymmetric electrical double layer (EDL)

(ii) EDL-induced electric field

(iii) Particle migration
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Figure 1.3. The schematic figure on principle of diffusiophoresis (chemiphoresis 

+ induced electrophoresis) 
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1.5 Thesis objective  

Concentration boundary layer is one of the key parameters when exploring 

micro-nanofluidic physics and engineering applications such as analyte 

preconcentration[30] or desalination system[31]. Concentration boundary layer can 

be defined as the layer where concentration gradient occurred due to 

permselectivity. This layer is important because the region owns different 

concentration from the bulk concentration leading to different electric field, flow 

flied, electrophoresis, etc. However, concentration boundary layer had not been 

well established experimentally because of the difficulty of directly measurement 

of the concentration over the region. So, concentration boundary layer was usually 

deduced by observing other physical parameters such as particles movement, pH, 

IV curve[32, 33], etc. The major permselective ionic flux of ICP is 

electromigratory flux. Also, the major permselective ionic flux of diffusiophoresis 

is diffusive flux in equation (1.2). Both phenomena happened at the microchannel 

combined with nanoporous membrane junction. As mentioned earlier, this junction 

can affect the bulk concentration which arises concentration boundary layer.  

In this thesis, concentration boundary layer caused by permselective ion 

transportation had been investigated. In chapter 2, 3 & 5 electromigratory flux was 

the main mechanism of concentration boundary layer, while in chapter 4 diffusive 

flux had been handled.  
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1.6 Thesis outline 

In Chapter 2, a pseudo 1-D micro/nanofluidic device incorporating air valves at 

each microchannel was proposed for mitigating conventional limitations of 1-

dimensional micro/nanofluidic device. Conventionally, a 1-dimensional 

micro/nanofluidic device, whose nanochannel bridged two microchannels, was 

widely chosen in the fundamental electrokinetic studies[34, 35]. However, the 

configuration had intrinsic limitations of filling and flushing the microchannel 

which was time-consuming and labor intensive tasks, due to the high fluidic 

resistance of the nanochannel bridge[36]. High Laplace pressure formed at 

liquid/air interface inside the microchannels played as a virtual valve when the 

electrokinetic operations were conducted. The identical electrokinetic behaviors of 

the propagation of ion concentration polarization layer and current-voltage 

responses were obtained in comparison with the conventional 1-D 

micro/nanofluidic device by both experiments and numerical simulations. The 

suggested pseudo 1-D micro/nanofluidic geometry was applied to chapter 3 to own 

not only experimental conveniences but also exact electrokinetic responses. 

In Chapter 3, ICP was employed as the main background theory. Overall ICP 

process highly depends on the current transportation mechanisms such as electro-

convection[18], surface conduction[37] and diffusio-osmosis[38] and the 

fundamental characteristics can be significantly altered by external parameters, 

once the permselectivity was fixed. In this chapter, a new ICP device with a 

bifurcated current path as for the enhancement of the surface conduction was 

fabricated using a polymeric nanoporous material. The material was protruded to 

the middle of a microchannel. While Nafion was exactly aligned at the interface 



 

 10 

between two microchannels in a conventional ICP device[39]. Rigorous 

experiments revealed out that the propagation of ICP layer was initiated from the 

different locations of the protruded membrane according to the dominant current 

path which was determined by a bulk electrolyte concentration. Since the 

enhancement of surface conduction maintained the stability of ICP process, a 

strong electrokinetic flow associated with the amplified electric field inside ICP 

layer was significantly suppressed over the protruded membrane even at condensed 

limit. As a practical example of utilizing the protruded device, we successfully 

demonstrated a non-destructive micro/nanofluidic preconcentrator for fragile 

cellular species (i.e. red blood cells). 

In Chapter 4, diffusiophoresis was employed as the main physical principle 

which was triggered by ion exchange process through the permselective interface. 

Concentration gradient near permselective interface was caused by diffusive flux 

with different cations’ diffusivity. Since the repulsive force was induced by salt 

gradient only, the phenomenon can be applied to a microscale water purification 

platform without any external power sources[40]. In this chapter, we suggested a 

micro/nanofluidic device for continuous water purification utilizing the long-range 

diffusiophoretic migration around ion exchangeable surfaces. An ion concentration 

boundary layer was characterized by the Sherwood number (Sh) which is a key 

dimensionless number to describe the purification process. Depending on Sh, we 

experimentally demonstrated that the long-range diffusiophoretic exclusion can be 

applicable to the continuous water purification. Conclusively, our platform can 

commensurate with the high energy-efficient and portable water treatment 

operations such as purification, disinfection, water softening, etc.  

Finally in Chapter 5, spatiotemporal concentration profile of diffusion-
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convection layer during ICP process had been measured with patterned 

microelectrode. Here, diffusion-convection layer was defined as the intermediate 

region between bulk region and ion depletion zone. Unlike the traditional 

diffusion-convection layer which had linear concentration profile, the measured 

data indicated near plateau concentration distribution over the diffusion-convection 

layer in a microfluidic environment. The propagating plateau concentration profile 

with nearly 60 % of bulk concentration was confirmed with fluorescent dye 

visualization and microelectrode conductivity measurements, respectively. Also, 

three experimental parameters (fluorescent dye, bulk concentration and initial 

volumetric flow) were investigated to broaden the knowledge of plateau 

concentration.  
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Chapter 2. Pseudo 1-D Micro/Nanofluidic Device  

for Exact Electrokinetic Responses 

 

2.1 Introduction 

The original ICP device was usually consisted with the 1-dimensional serial 

connections of microchannel-nanochannel-microchannel[8, 34, 35]. However, the 

engineering applications of it required intensive modification of the original device 

for the desirable performances or functions. For example, the 2-dimensional 

connections for applying a tangential electric (or pressure) field[19, 41], the 

bifurcation of either or both microchannel for fractionating samples[31, 32] and the 

parallel connections of them for high-throughput multiplexing schemes[42, 43]. 

Even though it needed intensive modification, the original 1-D ICP device was still 

broadly chosen in fundamental electrokinetic researches, because the device had 

various advantages such as no uncontrollable pressure gradient across a whole 

domain and the convenience of tuning transport mechanisms, etc.  

To be more specific, the original 1-D ICP device had intrinsic limitations such 

as the labor-intensive and time-consuming tasks of (1) filling samples and (2) 

flushing the device for initializing the electrolyte concentration. In usual, samples 

for the original device were filled before or after vacuuming process for the 

building block of silicon/glass or poly-dimenthylsiloxane (PDMS), 

respectively[36]. A natural diffusion should be chosen as a mechanism for the 

flushing a sample through the microchannels, waiting more than several hours to 

re-use the device. One possible solution had been reported that thin side-

microchannels were connected adjacent to the nanoporous membrane for the 
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convenience handling of the samples[37], but the I-V responses were inconsistent 

to that of the original device due to the residual flow through the side-

microchannels. While the amplified electrokinetic flow pumped by the local high 

electric field[22] should be balanced with a backflow in the original 1-D ICP 

device[37], the amplified flows leaked through the side-microchannels in the 

device with the side-microchannels. Thus, the convective ion transportation was 

changed. 

In this chapter, a new 1-D ICP device was proposed to resolve the limitations. 

We fabricated a pseudo 1-D ICP device by incorporating an air valve structure that 

utilized high Laplace pressure at the interface of liquid/air/(hydrophobic)solid as 

shown in Figure 2.1(a) and 2.1(b). The in situ propagations of ICP layer and its I-V 

responses were tracked in the original device, the pseudo 1-D device with and 

without the valve operation by both experimental and theoretical manners. 

Conclusively, all of electrokinetic responses in the original 1-D and the proposed 

pseudo 1-D ICP device (in the case of closing the air valve) were identical within 

experimental error bounds so that one would retain both experimental 

conveniences and exact electrokinetic responses with the pseudo 1-D device, 

promoting the researches for both fundamental nano-electrokinetics and its 

engineering applications. 

 



 

 14 

2.2 The operation principle of the air valve 

The 1-D ICP device incorporating with the side-microchannels near the 

nanojunction at the main microchannel had been utilized for easy-filling (or 

flushing) of samples[39]. However, uncontrollable leakage through the side-

microchannels due to an amplified electrokinetic flow inside ICP layer hindered an 

exact measurement of electrokinetic fields. Here we added an air valve structure at 

both side-microchannels. As denoted in Figure 2.1(a), the device contained three 

electrolyte reservoirs and four air reservoirs. Main (red) and buffer (blue) 

microchannels were connected with a permselective nanojunction in Figure 2.1(b). 

Along the side-microchannels, there was a bifurcation of narrow and wide channels 

(the dotted square). The air valve based on a high Laplace pressure prevented the 

fluid leakages through the side-microchannels during ICP operations. The air 

valves were open/closed as following steps.  

Step 1. Fill the samples from the main microchannel to the entire side-

microchannels as shown in Figure 2.1(c). This was an “opening”-state 

of the air valve. 

Step 2. By filling air from the air reservoir 1 (a narrow bifurcation), the samples 

along the narrow and wide microchannel would flow out toward the air 

reservoir 2 as shown in Figure 2.1(d). Due to the difference of the 

hydrodynamic resistance between the narrow and wide portion of 

microchannel, the fluid swept out as indicated as the magnitude of 

arrows. This was a “close”-state of the air valve. This step 2 was 

performed for both side-microchannels.  

 



 

 15 

Note that the air filling (or applied pressure) was stopped once the meniscus 

was formed. The meniscus was theoretically able to endure the pressure more than 

4000 Pa (approximately 40 cm of water column) with the given geometrical 

parameters based on the Young-Laplace equation, leading to a complete blocking 

of the leakage under a regular applied voltage.  

When the liquid meniscus was formed in the side-microchannel, the 

withstanding pressure of the meniscus between the inside and the outside of the 

liquid can be calculated by the Young-Laplace equation as following: 

)
coscoscoscos
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wd
PPP




+
+

+
        (2.1) 

where Pliquid and Pair are the pressure at the interface of liquid and air, respectively 

and   is the surface tension of water.  indicates the advance contact angle of the 

water and the subscripts of T, B, L, R indicates the top, bottom, left, right surface of 

the side-microchannel, respectively. ds and ws are the depth and the width of the 

side-microchannel. Since water was chosen as the solvent and the microchannel 

was made of PDMS and glass substrate, we used values [44] of  = 74 mN/m, ds = 

ws = 15 um, T = L =R = 118o, B = 54o. When the meniscus was formed at the 

middle of the side-microchannel, the theoretical value of P was calculated as 

4048 Pa (40cm height of water column), which was large enough to withstand the 

pressure (Pind) due to the amplified electrokinetic pumping. As shown in Figure 

2.1(e) and 2.1(f), the meniscus was able to resist the electric body force with the 

applied voltage of 100 V which was much larger than the conventional driving 

voltage of ICP operation. In this work, 1 is almost the same as 2 and they should 

bigger than  – advance contact angle for stop the movement of meniscus. We 
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experimentally confirmed that they were bigger than 62o as shown in Figure 2.1(e) 

and 2.1(f). If the meniscus fail to stop at the middle of the side-microchannel, it 

advanced to the bifurcated point of the side-microchannel. In such case, the contact 

angle of the left and right side of the meniscus were reduced due to a diverging 

section. In other words, the meniscus was able to withstand higher pressure based 

on the new advanced contact angle [44]. The maximum pressure difference was 

obtained by substituting L and R with 180o in equation (2.1) resulting the new 

pressure difference as 9283 Pa (93cm height of water column).  
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Figure 2.1. (a) Snapshot and (b) microscopic view of the fabricated pseudo 1-D 

ICP device. The sequences of operating air valve structures (c) Step 1: Flushing 

and (d) Step 2: Air cutting. The microscopic images of the meniscus at the air valve 

and its force balances (e) with and (f) without applied voltage. Here 1 and 2 were 

 – (meniscus contact angle at the side PDMS wall without applied voltage) and  

– (meniscus contact angle at the side PDMS wall with 100 V applied voltage), 

respectively.  

 



 

 18 

2.3 Experimental setups 

General PDMS fabrication steps were used to fabricate microchannel structure 

(the main-and buffer-microchannel: 200 um width X 15 um depth, the side-

microchannel of narrow region: 15 um width X 15 um depth and the side-

microchannel of wide region: 100 um width X 15 um depth)[45]. The Nafion 

(Sigma Aldrich, USA) nanoporous membrane was patterned on the glass substrate 

based on surface patterning method[46]. On top of Nafion-patterned substrate, 

prepared PDMS molding block was irreversibly bonded to a designated position. A 

mixture of 1 mM KCl solution (Sigma Aldrich, USA) with sulforhodamine B 

(SRB) (25 nM, Sigma Aldrich, USA) as a fluorescent tracer and fluorescent micro-

particles (diameter = 2 um, Invitrogen, USA) were injected. The propagations of 

ICP layer were imaged by an inverted fluorescent microscope (IX53, Olympus) 

and CellSens program. Using Ag/AgCl electrodes, current-voltage responses were 

obtained by a source measure unit (Keithley 236, USA) and Labview program. The 

voltage sweep rate was 0.2 V/30 sec from 0 V to 10 V. 
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2.4. Results and discussion  

2.4.1 The flow tracking with opening and closing the air valve  

The generations of ICP layer were tracked in situ with opening and closing the 

air valve in order to confirm whether the fluid was leaked through the side-

microchannels. As shown in Figure 2.2(a), the polystyrene beads as a flow 

indicator exited along the side-microchannels (indicated by yellow arrows) and the 

fluorescent intensity at the side-microchannel was diminished due to the leakage 

flow induced by ICP layer. Note that the leakage flow had a minimal amount of 

fluorescent dye, because most of dye would be filtered at the boundary of ICP layer. 

The air valve was opened and the applied voltage was 10 V in this demonstration. 

It had been reported that the electric field inside ICP layer was significantly 

amplified, leading ICP layer to strongly pump the fluid toward the 

nanojunction[22]. Since there were the side-microchannels near the nanojunction, 

the portion of the amplified flow would be leaked through the side-microchannels 

and the other turned back toward to the main-microchannel. In contrast, the 

particles were frozen inside the side-microchannels with closing the air valve as 

shown in Figure 2.2(b). Also the fluorescent intensity inside the side-microchannels 

was maintained, reflecting there was no leakage through the side-microchannel. 

These results strongly supported that there was no flow through the side-

microchannel if the air valve closed. Consequently, the propagation of the 

depletion boundary (indicated by white arrows in each figure) was faster with 

closing the air valve than opening the valve.  
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Figure 2.2. The movement of fluorescent microparticles and dyes at the applied 

voltage of 10 V with (a) the opening the air valve and (b) closing the air valve. In 

each figure, the depletion boundaries were denoted as two opposite white arrows. 
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2.4.2 The formations of the depletion boundary with opening and 

closing the air valve 

The detailed formations of the depletion boundary for three distinct cases were 

shown in Figure 2.3. The external voltage was swept from 0 V to 10 V at the 

sweeping rate of 0.2 V per 30 s. Comparing three types of devices which were an 

original 1-D ICP device (the first column), a pseudo 1-D ICP device with closing 

the air valve (the second column) and a pseudo 1-D ICP device with opening the 

air valve (the last column), the original 1-D ICP device and the pseudo 1-D ICP 

device with closing the air valve had the identical propagation length of the 

depletion zone. On the other hand, opening the air valve would show much smaller 

propagation of the depletion zone than other cases. This was because the leakage 

was completely prevented by the air valve.  

 

(a) Original 1-D ICP
Pseudo 1-D ICP
(close the air valve)

Pseudo 1-D ICP
(open the air valve)

6V

10V

depletion boundary

2V
400um 400um 400um

depletion boundary depletion boundary

air valve

(b)

 

Figure 2.3. The propagation of the ion depletion zone in three different types of 

device. (a) Schematic diagrams of each device, (b) experimental results. The 

depletion boundaries were denoted as two opposite white arrows. 
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2.4.3 Current-voltage responses with opening and closing the air valve 

The I-V responses were considered the most important characteristics of a 

system comprising a perm-selective nanoporous membrane. Under dc bias, a linear 

I-V relationship called Ohmic region was appeared and the plateau was followed 

due to the limitation of ionic carriers[47, 48]. This limiting current behavior was a 

nuisance in terms of an electrical power efficiency, since the current was saturated 

at the limiting value. Further application of voltage would lead to an overlimiting 

current behavior which was affected by various constraints such as a surface 

conduction[21, 37], an electroosmotic flow[17, 37, 49, 50] and an electroosmotic 

instability[6, 51]. These particular behaviors would imprint the signature of the 

system. Therefore, the I-V responses would be a fingerprint to identify the system. 

As shown in Figure 2.4, the I-V curve of the pseudo 1-D ICP device with closing 

the air valve (green) coincided with that of the original 1-D ICP device (blue). 

Since the measurements were repeated more than 20 times, the deviation of each 

plot were within the error bars. In contrast, the pseudo 1-D ICP device with 

opening the air valve had higher overlimiting conductance than others due to the 

suppressed depletion zone[39], while the Ohmic conductance were the same. This 

was because the most of leakage flow would initiate after the limiting current was 

reached and the suppressed ICP layer would result in the increase of conductivity 

inside the ion depletion zone[39].  
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Figure 2.4. The current-voltage responses measured by experiments for three 

different types of device. 
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2.5. Conclusions 

In this work, a new structural component for a fast and convenient experiment 

of a 1-D micro/nanofluidic device was proposed. The pseudo 1-D 

micro/nanofluidic device combined with the air valve not only reduced the total 

time of experiment but also provided the identical electrokinetic response with the 

original ICP device. The total time that took for one experiment include pre-

process and run. The run times with the original and the pseudo device until the 

ICP reached steady state were identical (~40 minutes). However, the pre-process 

for resetting the electrolyte concentration inside microchannels took much shorter 

with the pseudo device than with the original device, because the reset only relied 

on a diffusion process with the original device. Thus, the time comparison for one 

experiment between the two devices was as follows. 

Original 1-D device; pre-process (100 min) + run time (~40 min) = ~140 min. 

Pseudo 1-D device; pre-process (1~2 min) + run time (~40 min) = ~45 min. 

Therefore, if 10 data points are needed, it takes 1 day with original device and 7 

hours 30 minutes with pseudo device. 

We confirmed that there were no leakages at the interface of air-stop along the 

side-microchannel as long as the induced pressure  surface area on the meniscus 

was smaller than the surface tension  perimeter of the meniscus. In addition, the 

original 1-D ICP device and the pseudo 1-D ICP device with closing the air valve 

showed the identical formation of ICP layer and I-V responses, while the opening 

the air valve lead to the distorted results. Therefore, the presented method would 

provide an effective platform in the fundamental research of electrokinetic 

phenomena by eliminating the time-consuming and labor intensive tasks. 
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Figure 2.5. Comparison of repeatability and preprocess time of three different 

types of device. Proposed Air valve 1-D ICP device had high repeatability and 

short preprocess time.  
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Chapter 3. Ion Concentration Polarization by 

Bifurcated Current Path 

3.1 Introduction 

The fingerprinting evidence of ion concentration polarization (ICP) has been 

reported as the appearance of the Ohmic-limiting-overlimiting current regimes[17]. 

Especially, the source of overlimiting current, which was unable to be described by 

a conventional diffusion-drift theory[16], has been debated for a decade to include 

the dominance regime of extended space charge layer[48], surface conduction[21, 

37], electro-diffusio-convection[17, 38, 49] and electroosmotic instability [52, 53]. 

Once the porous material has the permselectivity, the deterministic factors of 

distinguishing the regimes are external parameters such as the characteristic 

dimensions of bulk environment, the surface charges of building substrates and the 

bulk electrolyte concentrations[37]. If the externals become larger dimensions, 

lower surface charge and higher bulk concentration, the ICP phenomenon enter into 

the unstable regime[37]. Consequently, most of engineering ICP applications to 

concentrate bio-sample and to desalinate saline water would have been suffered 

from the unintended instability[54-56] since they utilized higher concentration than 

physiological fluids.  

To avoid this nuisance, the underlying physics should be carefully investigated. 

The instability and the chaotic motions of the ion depletion zone are caused by the 

thermal fluctuation of the extended space charge layer and the amplified electric 

field inside the ion depletion zone with the absence of the surface conduction and 

the electro-diffusio-convection[52]. Thus, the instability would be mitigated by the 

enhancement of the surface conduction or electro-diffusio-convection. In this sense, 
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we artificially enhanced the surface conduction by coating a highly conductive 

polymer inside the microchannel. Since Nafion of the nanoporous membrane has 

high electrical conductance by itself, we let Nafion protrude along the 

microchannel so that there was an additional current path (or a bifurcated path) 

through the protruded part of Nafion, while Nafion was exactly aligned at the 

interface between two microchannels in the conventional ICP device. 

Lithographically fabricated nanochannels were unable to achieve this surface 

conduction enhancement because of a lower surface charge of substrates than one 

of Nafion (e.g. silicon, glass and PDMS ~ 10-50 mC/m2 and Nafion ~ 200-600 

mC/m2) . Rigorous characterization of this protruded device by experiments would 

be given in chapter 3 and, finally, a non-destructive preconcentration of fragile 

cells (red blood cell (RBC)) that required a stable ICP layer at high concentration 

and minimizing the shear stress due to strong electro-convection was successfully 

demonstrated.  
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3.2 Experimental setups 

The design of the microchannel layout was similar to those devices that we have 

previously investigated as shown in Figure 3.1(a). On the main microchannel, we 

implemented the air valve structures which we had discussed in chapter 2. This 

allowed the main microchannel to become a dead-end microchannel so that one can 

conduct the experiment easily, while obtaining the exact electrokinetic response. 

The dimensions of the microchannel network were as follows: the main- and 

buffer-microchannel: 200 μm width × 15 μm depth, the side-microchannel of 

narrow region: 15 μm width × 15 μm depth, and the side-microchannel of wide 

region: 100 μm width × 15 μm depth. The device were fabricated by conventional 

PDMS fabrication steps[45]. The Nafion (Sigma-Aldrich, USA) as a nanoporous 

membrane with high electrical conductivity, was patterned on the glass substrate 

using surface patterning method[37]. Briefly, Nafion was patterned by a simple 

straight microchannel (200 μm width × 50 μm depth) on a glass slide. Then, PDMS 

block having a microchannel network was irreversibly bonded by plasma bonder 

(CuteMP, Femto Science, Korea) to a designated position on top of the Nafion-

patterned glass. Note that the protruded portion of Nafion membrane (denoted as L 

in the Figure 3.1(a)) should be aligned within the main microchannel under 

microscopic observations.  

For visualization experiments, a mixture of KCl solution (Sigma-Aldrich, USA) 

at a concentration ranging from 0.1 mM to 1 M with Alexa Flour 488 (1 M, 

Invitrogen, USA ) as a fluorescent tracer were injected to both microchannels. pH 

of the KCl solution was measured to be around 5.6. Voltage was applied from the 

main microchannel reservoir via Ag/AgCl electrodes (a source measure unit, 
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Keithley 236, USA) to the buffer microchannel reservoirs, forming the ion 

depletion zone at the main microchannel. The propagations of ICP layer were 

imaged by an inverted fluorescent microscope (IX53, Olympus) and CellSens 

program. 

Also two devices were fabricated for the measurement of the conductance 

between a nanoporous membrane and the electrolyte solution inside a straight 

microchannel. The first device was a simple straight microchannel with the 

geometries of 15 m depth, 200 m width, and 15 mm length (Figure 3.2(a)). The 

second one had a patterned nanoporous membrane at the bottom of the first device 

with ~1 m height of Nafion nanoporous membrane (Figure 3.2(b)). The 

conductance of the second device would be the sum of microchannel and 

nanoporous membrane since the nanoporous membrane was paralleled with the 

microchannel.  

The microchannel was filled and flushed with target concentration electrolytes 

for ~2.5 hours so that the impurities inside the microchannel to be eliminated and 

the nanoporous membrane to become equilibrium state. The voltage was stepped 

from -0.1 V to +0.1 V at the rate of 0.05 V / 60 s, where time current transients 

were saturated. The conductance of each devices with different electrolyte 

concentrations were determined by obtaining the fitting curve’s slope (ionic current 

vs. applied voltage). Each measurements was repeated at least 5 times with 5 

devices for reliability. 

For current−time response measurements, a constant external voltage of 50 V 

were applied and the current values were automatically recorded at every 0.25 

seconds by Labview program. 1  phosphate buffer saline (PBS) was chosen as a 
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test solution which is a buffer solution commonly used in biological research. Both 

visualization and I-t measurements were conducted at least 5 times with 5 different 

devices to ensure repeatability and reliability.  

For non-destructive preconcentration experiments, human whole blood, 1  

PBS and 500 mM EDTA as the anticoagulant, was mixed at a volume ratio of 

1:50:0.5 as a target sample.  
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3.3 Results and discussion  

3.3.1 The characterization of bifurcated current path with equivalent 

circuit 

Microscopic snapshot of the micro/nanofluidic device having the protruded 

nanoporous membrane was shown in Figure 3.1(a). The length of the protruded 

nanoporous membrane was denoted by L. While conventional nanoporous 

membrane was positioned right at the end of the microchannel substrate, i.e. L = 0 

um, the nanoporous membrane was intentionally protruded from the end of the 

microchannel substrate in this device. For example, the devices of L = 0 um, 1000 

um, 3000 um or 6500 um were fabricated depending on the experimental needs. By 

installing the protruded membrane, one can expect that the path of ionic flux was 

bifurcated as described by the equivalent circuit model. Schematics of top and side 

view of the proposed devices with equivalent electrical resistors were shown in 

Figure 3.1(b) and 3.1(c), respectively. Rmicro and Rbuffer represented the resistors of 

the main and buffer microchannel. Rnano referred the resistor of the nanoporous 

membrane between the main and buffer microchannel. While Rover and Rprotrude had 

been ignored in a conventional nanofluidic device, they appeared in this device 

since the highly conducting membrane was protruded, leading to the bifurcated 

current path. Since ionic current tended to pass through the lower resistor, the ratio 

of Rover to Rprotrude played the significant role to determine the effective current path 

and the location where ICP was initiated. Here, Rprotrude was fixed by the material 

property of the membrane and Rover was inversely proportional to the electrolyte 

concentration inside the microchannel so that the current path highly depended on 

the electrolyte concentration.  
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Figure 3.1. (a) Snapshot and microscopic view ((A) in red box) of the fabricated 

non-destructive cellular preconcentrator. L was the length of protruded nanoporous 

membrane from the main microchannel. Schematics of (b) top and (c) side view of 

the proposed devices with equivalent electrical resistors (not to scale). 
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3.3.2 The conductance measurement between a nanoporous membrane 

and the electrolyte solution inside a microchannel 

In order to characterize the dependency, two microfluidic devices were 

fabricated for the comparison of the conductance between a nanoporous membrane 

and the electrolyte inside a microchannel. The first device was a simple straight 

microchannel (Figure 3.2(a)) and the second device was composed of a patterned 

nanoporous membrane at the bottom of the simple straight microchannel (Figure 

3.2(b)). Detailed dimensions of the devices and the measurement method were 

described in chapter 3.3.The appearance of plateau is attributed to electric double 

layer (EDL) overlap phenomenon which becomes severe as the bulk concentration 

decreases. Since fixed amount of counter-ions existed inside the nanoporous 

membrane with the severe EDL overlap, the ionic conductance of the nanoporous 

membrane was independent from the bulk concentration[7, 8].  

This estimation was applied to the protrude membrane device to identify the 

effective path of ionic flux passing through either the protrude nanoporous 

membrane or the microchannel. The calculated ionic conductance were plotted in 

Figure 3.1(d) as a function of the electrolyte concentration ranging from 1  10-4 to 

1 M. As a result, the dominant path of ionic flux was bifurcated near 50 mM in the 

device. In other words, the current dominantly conducted through the protrude 

membrane at the concentration lower than 50 mM and vice versa.  
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Figure 3.2. Side schematic view of (a) simple straight microchannel device and (b) 

the device with patterned nanoporous membrane at the bottom. (c) Calculated ionic 

conductance of microchannel and nanoporous membrane. 
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3.3.3 The propagation of ICP layer upon bifurcated current path 

The bifurcated path was confirmed by the visualization of ICP layer formation. 

The experiments were conducted with the protruded nanoporous membrane of L = 

1000 um. Three different electrolyte concentrations were selected as representative 

values based on the data in Figure 3.1(d); (i) dilute limit: 1 mM for nanoporous 

membrane dominant regime (Rover /Rprotrude > 1), (ii) condensed limit:1000 mM for 

microchannel dominant regime (Rover /Rprotrude < 1), and (iii) 31.6 mM for 

intermediate regime (Rover /Rprotrude  1). The time-revolving snapshots of 

propagating ion depletion zone (or ICP layer) at each concentrations were shown in 

Figure 3.3(a)-3.3(c). The schematic connections using the equivalent circuit were 

also given below each figures. Red line indicated the dominant current paths.  

At dilute limit (1 mM), the propagation of the ion depletion zone started at the 

end of the protruded nanoporous membrane (Figure 3.3(a)) and expanded toward 

both directions. The propagation toward anodic side (red arrow) was similar to the 

conventional propagation, where the amplified electric field and chaotic electro-

convection mixed the electrolytes[22]. However, a reverse propagation toward the 

cathodic side (yellow arrow) was also observed. This propagation was 

comparatively slow and the boundary moved nearly zero velocity. The main factor 

for the slow propagation was due to near zero electric field above the protrude 

membrane. Because the conductance of nanoporous membrane was much higher 

than that of microchannel in the dilute limit, the preferential path of the ionic 

current should be through the protruded membrane, i.e. no strong electro-

convection over the membrane. As a result, the diffusion was the only driving force 

for the propagation (yellow arrow), leading to the blurred boundary, while the 

propagation due to a strong electro-convection (red arrow) had a sharp boundary.  



 

 36 

On the contrary, the propagation started from the end of the microchannel 

(white arrow) and expanded until the zone met the end of protruded membrane in 

the case of condensed limit (1 M) (Figure 3.3(b)). Typically, the propagation 

characteristics of the ion depletion zone in highly concentrated limit such as over 

100 mM can be explained as unstable, slow propagation, and short ion depletion 

zone length[54, 56]. Noteworthy, stable and lengthy propagation of the ion 

depletion zone was observed over this protruded membrane, because the current 

path was formed through the membrane. However, once the depletion zone escaped 

the membrane (t > 20 sec in Figure 3.3(b)), strong electro-convection reappeared, 

since the concentration above the protruded membrane became diluted and 

behaved as the conventional propagation with strong vortex.  

At an intermediate concentration (31.6 mM), the propagation started at both 

ends of protruded membrane and the microchannel. (Figure 3.3(c)), showing like a 

merged picture of the dilute limit and the condensed limit. These phenomena can 

also be explained by the resistance ratio between microchannel and nanoporous 

membrane (Rover and Rprotrude in Figure 3.1(c)). In the case of Rover /Rprotrude  1, the 

current path would be formed every points along the membrane, but the electric 

field at the ends of protruded membrane and the microchannel would be amplified 

due to geometric focusing (or edge) effects so that two current paths were 

competing to induce two ion depletion zones.  
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3.3.4 I-t responses upon bifurcated current path 

To explore the mechanisms of how the current level changes as the ion 

depletion zone propagates, I-t responses were measured at 0.01  PBS media (~1.5 

mM; dilute limit) and 1  PBS media (~150 mM; condensed limit) with the various 

protruded length. We selected PBS since it was common biological buffer solution 

and the concentration of 1  PBS (~150 mM) was laid in the condensed limit.  

In the case of dilute limit, the depletion zone started from the end of protruded 

membrane so that the current dropped immediately and decayed exponentially for 

all protruded length as shown in Figure 3.4(a). The device in the inset had L = 3000 

um. This was because the remaining portion of solution over the membrane merely 

affected on the current path. Thus, all of data converged into the case of non-

protrude membrane (L = 0 um).  

On the contrary, at the condensed limit, the ion depletion zone started at the end 

of the microchannel quickly propagating toward the anodic side (A~C in the inset 

of Figure 3.4 (b)) and the propagation was slowed down once the boundary reached 

the end of membrane (D~E in the inset of Figure 3.4 (b)). The device in the inset 

had L = 3000 um. This observation taught us that the propagation was divided into 

two stages. This was also confirmed by the I-t drops as well in Figure 3.4 (b). See 

the line of L = 3000 um as a representative example. The first current drop had low 

rate while the ion deletion zone boundary moved over the protruded membrane 

(A~B in Figure 3.4 (b)). The second stage had the high rate of current drop, where 

the boundary was located outside the protruded membrane (D~E in Figure 3.4 (b)). 

In the first stage, even though the ion depletion zone length increased dramatically 

(0 um to 3000 um), the current only decreased to one third of its initial value. In the 
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second stage, there was a small increment of the ion depletion zone length (3000 

um to 3350 um) but the current decreased dramatically to one fiftieth of its initial 

value. Conventionally current decreased rapidly with the formation of the ion 

depletion zone like the behavior in the second stage or the behavior of L = 0 um 

case. This was because of the rapid concentration drop inside the depletion zone, 

resulting extremely high electrical resistance and the amplified electric field inside 

the depletion zone[22]. In the second stage, the current was passing mostly through 

the protruded membrane even in this condensed limit because the electrolyte 

concentration over the membrane was significantly depleted. In summary, since the 

conductance of the protruded membrane was fixed in the first and second stage, the 

main current path would be changed from the electrolyte solution over the 

membrane in the first stage to the membrane in the second stage. In the first stage 

where the current decreased slowly, the effective conductance of the ion depletion 

zone maintained higher than that of conventional depletion zone with the aid of the 

constant conductance of the protruded membrane. That is to say, once the depletion 

zone was initiated (i.e. Rover started to increase), the most of current started to 

conduct through Rprotrude, since Rover and Rprotrude were connected in parallel. 

Therefore, the magnitude of local electric field over the protrude membrane in the 

first stage was significantly less than that in the conventional device, leading to the 

minimal magnitude of amplified electrokinetic flow inside the zone and its 

associated shear stress near the zone.  

In the following chapter, a non-destructive cellular preconcentrator was 

demonstrated with extremely long protrude membrane for maximizing the first 

stage. 
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Figure 3.4. Current-time responses of (a) 0.01  PBS media (~1.5 mM; dilute 

limit) and (b) 1  PBS media (~150 mM; condensed limit) with the various 

protruded length. Each figures had an inset of microscopic views in the case of L = 

3000 um. Capital letters indicated the time at which the snapshot were taken. 
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3.3.5 Non-destructive cellular preconcentrator 

ICP had been utilized as an efficient biomolecular preconcentration 

mechanism[57]. Unlike a preconcentration mechanism using a free-flow concept 

such as isotachophoresis[13] and field amplified stacking[58], the amplification 

ratio of ICP preconcentrator would be up to million-fold since the target molecules 

was supplied from a reservoir of nearly infinite volume compared with the volume 

of microchannel[19]. While various (bio-)molecules such as fluorescent dyes[41, 

59], DNAs and aptamers[43], etc. were successfully preconcentrated with 

noticeable factor, there are intrinsic limitations to be solved. First, most of the 

device using ICP phenomenon has been operated at low bulk concentration which 

can cause the modification or destruction of the biosamples due to osmotic pressure 

in the case of cellular species[60]. The main reason of using a low bulk 

concentration was due to the instability and the chaotic motion of the ion depletion 

zone in high bulk concentration which hindered the stable formation of ICP layer 

[31, 54]. Secondly, significantly amplified electric field[22] inside the ion depletion 

zone caused strong vortical flow to induce a high shear stress at the boundary of 

the ion depletion zone[17, 49], destructing the target samples during ICP 

preconcentration process. Since most of cells were wrapped with a lipid bilayer 

membrane, which is only a few nanometer in thickness[61], such cells with fragile 

membrane were destructed during the ICP preconcentration. Note that the shear 

stress of the vortex in a conventional ICP operation would increase up to 10 Pa 

(shear stress = waster viscosity  velocity gradient = 0.001 Pasec  O(10) mm/sec 

/ O(1) um)[17]. Thus, additional treatment was required for the prevention of the 

destruction[60] but this process removed the original properties of the species 

blurring the final analysis results. Since the protrude membrane minimized the 
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amplified electric field inside ICP layer which is directly proportional to the 

velocity gradient, the presenting device would be an appropriate platform for those 

weak cellular species.  

Recently, there has been an increasing demand for a device that allows rapid 

blood testing anywhere, along with the growing need for point of care testing or the 

aim for expansion of blood testing in developing countries where the medical 

equipment is inadequate. Essential component of such device would be a plasma 

separator without loss of RBC. Since a centrifugal separation causes serious 

hemolysis of RBC, an efficient recovery of RBC with non-centrifugal separation 

would cut the volume of blood drawn to half. In this section, we would 

demonstrate the preconcentration of RBC without any damage.  

The preconcentration of RBC out of diluted human whole blood with 1  PBS 

was provided for the demonstration of the non-destructive preconcentration process. 

Devices with protruded membrane (L = 1000 um in Figure 3.5(a) and L = 6500 um 

in Figure 3.5(b)) were utilized in this section. The sequential snapshots of RBC 

preconcentration were presented for each devices. Unlike other sections which 

adopted closed air valve at both side-microchannels, the air valve was opened for 

continuous supply of sample RBCs. 

Alike the condensed limit in Figure 3.3(b), RBC migrated toward anodic side as 

the ion depletion propagated (t = 0 ~ 8 sec) in both Figure 3.5(a) and 3.5 (b). Since 

the ion depletion zone acted as a virtual barrier to the charged species, RBCs 

should rejected to enter the zone so that it should be accumulated at the boundary 

of the ion depletion zone. In the meantime, there was minimal amplified electric 

field over the protruded membrane due to the bifurcated current path. Herein there 

were no destruction of the blood cells in both cases. However, as the depletion 
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zone escaped from the protruded membrane, the current path through the solution 

over the protruded membrane was eliminated and the strong vortical flow was 

formed at the end of the membrane, causing the destruction of RBCs in Figure 

3.5(a) from t = 12 sec. While it had been reported that the threshold shear stress of 

hemolysis was ~100 Pa at few milliseconds exposure time[62-64], hemolysis was 

occurred with the vortex by ICP (shear stress = ~10 Pa) due to the combined effect 

of osmotic expansion of RBCs and longer exposure time. Low concentration inside 

ICP layer induced an osmotic pressure from outside to inside the RBSs so that they 

were expanded and the expansion was observed (The shadows of bi-concave shape 

would be diminished when the RBC met the boundary of ICP layer). Note that the 

red region at the end of the membrane included the preconcentrated hemoglobin 

which was leaked from the RBCs as hemolysis occurred (Figure 3.5(a), t = 50 sec).  

Unlike the device of L = 1000 um, there were no destruction at all in the device 

of L = 6500 um (Figure 3.5 (b), t = 12 sec and 50 sec). Because there existed the 

bifurcated current path all over the microchannel, stable and non-destructive 

preconcentration of the RBCs was achieved. The amplification ratio of RBCs were 

~40 fold. Note that the steady state length of the ion depletion zone with the 

applied voltage of 50 V was in the range from 1000 um to 6500 um. 

In terms of the current path, the schematic diagrams of developed ion depletion 

zone at t = 50 sec for each cases were depicted in Figure 3.5(c) and Figure 3.5(d), 

respectively. In the diagrams, equivalent electrical resistance with different size 

representing different resistance were also described. The color of major current 

path was indicated in red. As the ion depletion zone escaped from the protruded 

membrane, the resistance of the ion depletion zone outside the nanoporous 

membrane (Rdep1) became the largest resistance along the current path. Also the 
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Rdep1 was the main factor of the destruction of cellular species during 

preconcentration process. It induced the amplified electric field and chaotic 

motions, leading to high shear stress on the species. On the other hand, there was 

no such Rdep1 in Figure 3.5(d). In other words, there was minimal amplified electric 

field and chaotic motions due to the bifurcated current path. As a result, minimal 

shear stress was applied on the species enabling a stable preconcentration without 

destruction.  
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Figure 3.5. Time-evolving snapshots of RBC preconcentration with the devices of 

protruded membrane length (a) L = 1000 um and (b) L = 6500 um. The 

amplification ratio of RBCs were ~40 fold in (b), while most of RBCs were 

destroyed in (a). In terms of the current path, the schematic diagrams of developed 

ion depletion zone at t = 50 sec for each cases were depicted in (c) and (d) (not to 

scale). 
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3.4. Conclusions 

The research of ICP has focused on unveiling the fundamental electrokinetic 

processes near a perm-selective membrane. Also, various engineering endeavors 

recently conveyed several innovative applications using these processes. In this 

work, the protruded membrane was fabricated in the micro/nanofluidic ICP 

platform to greatly enhance the surface conduction of the ionic current which is the 

essential key of suppressing the unwanted instability and high shear stress due to 

the amplified electrokinetic responses. Experimental visualizations revealed that 

the ICP layer was initiated from either the end of protruded membrane or the end of 

microchannel at the dilute limit or the condensed limit, respectively. Current-time 

measurements and numerical simulations were carried out to verify that the effect 

of conductance ratio of the electrolyte to the membrane. Consequently, the strong 

electrokinetic flow associated with the amplified electric field inside ICP layer 

were significantly suppressed over the protruded membrane at the condensed limit. 

Using the protruded device, we successfully demonstrated a non-destructive 

micro/nanofluidic preconcentrator of RBCs. Conclusively, promoting the surface 

conduction by coating of additional conductive material would successfully 

suppress the unwanted instability so that the presenting protruded device would be 

utilized as an effective mean for stabilizing the ICP process even at 1 M 

concentration and regulating the inherently amplified electrokinetic flow inside ICP 

layer. 
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Chapter 4. Diffusiophoretic Exclusion of Colloidal 

Particles for Continuous Water Purification 

 

4.1 Introduction 

Recently, diverse natural (or self-driven) phenomena have been extensively 

applied for various interesting physicochemical research fields[65-70]. Among the 

striking phenomena and these applications, the natural migration of colloidal 

particle under imposed or self-generated concentration gradient, which is called as 

diffusiophoresis, has been drawn significant attentions up to date. Classically, total 

ion concentration (i.e. proton, non-protonic cation and anion) outside the ion 

exchange medium had considered as constant because one proton was exchanged 

with one non-protonic cation. However, due to the difference of their diffusivity, 

the diffusive flux of H+ is typically larger than the flux of non-protonic cation. 

Although the 1:1 ion exchange occurs through the exchange surface, the total ion 

concentration adjacent to the nanoporous medium spontaneously decreases[71, 72] 

since the both fluxes are generated in the opposite directions. The concentration 

gradient drives the effective migration of colloidal suspension based on 

diffusiophoretic manner (chemiphoresis + induced electrophoresis). The detailed 

mechanism of diffusiophoresis can be found in other literatures[27-29, 73, 74] The 

active investigations on the diffusiophoretic migration have led to various 

impressive applications such as microfluidic microdialysis[75], soluto-inertial 

beacon[76], diffusiophoretic particle focusing[77, 78], membraneless water 

filtration[40], low cost zeta potentiometry[79] and diffusiophoretic self-

swimmer[80], etc. Although many investigations and hypotheses about the peculiar 
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long-range exclusion have been studied for decades[23, 26, 81-85], the exact 

physical origin has remained unclear until recently. However, Florea and 

coworkers[71, 86]unraveled the driving force which was related to the 

diffusiophoretic migration induced by an ion exchange process through the 

material/water interface. 

To resurrect this fundamental physics into a practical micro/nanofluidic 

platform, we suggested a continuous water purification system (i.e. elimination of 

immersed colloidal particles from source water). In this chapter diffusiophoretic 

exclusion around the ion exchangeable interface was pivotally utilized without any 

external stimuli. Basically, our physical principles were similar to that of Shin’s 

work[40] but the gradient-generating method was totally different (CO2 dissolution 

in Shin’s work vs. ion exchange in this work). Utilizing ion exchange would be 

helpful to simplify the device and to miniaturize micro/nanofluidic water 

purification platform since there is no need of controlling gas pressure balance 

between air and CO2 channel. The micro/nanofluidic device was fabricated to 

initiate the ion exchange and the long-range diffusiophoretic exclusion. As 

colloidal particles immersed in electrolyte solution were introduced into the device, 

the particles were repelled from the Nafion walls (cation-exchange medium) by the 

diffusiophoretic mechanism due to an ion concentration boundary layer triggered 

by the ion exchange process. A rigorous boundary layer model with the Sherwood 

number, which is dimensionless number correlating most of physicochemical 

parameters (flow rate, diffusivity of ionic species and geometrical factors), was 

developed to quantitatively elucidate the purification process, although similar 

exclusion experiment was qualitatively demonstrated[87]. Thus, our analysis and 

experimental verifications enabled one to explain the intriguing microscale water 
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purification process more clearly. Conclusively, diffusiophoretic exclusion of 

colloidal particles would be an effective mean for energy-efficient and portable 

water purification as well as conventional use of ion exchange process such as 

desalination or water softening. 
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4.2 Experimental setups 

Two pieces of Nafion sheets (1.5 mm  30 mm  0.175 mm, Sigma-Aldrich, 

USA) were aligned on the slide glass with finite interval. The alignment was 

performed under the microscopic observation and the interval varied for each 

devices from 300 m to 800 m. Four layers of commercial 3M tapes (the layers 

had 200 m thickness) were positioned at the end of the Nafion sheets as shown in 

first step of Figure 5. Next, one layers of 3M tape were attached to fix the aligned 

Nafion sheets as shown in second step of Figure 5. On top of the Nafion and 3M 

tape substrates, prepared blank PDMS block with punched holes were irreversibly 

bonded using oxygen plasma treatment (CuteMP, FemtoScience, Korea) as shown 

in third step of Figure 5. As reported by Kim and coworkers[88], there must be an 

incomplete bonding at the edges of the Nafion sheets. In order to eliminate the 

incomplete bonding, uncured PDMS was squeezed to fill the edges. Then the 

device was placed on the hot plate for the stabilization of plasma boding and 

solidification of uncured PDMS. Lastly, inlet and outlet were connected to the 

device as shown in fourth step of Figure 5. Note that the fabrication method was 

simple and even the soft lithography was unnecessary during the fabrication steps.  

For the experimental demonstrations, 1 mM or 100 mM NaCl solution (Sigma-

Aldrich, USA) was injected through the inlet. The device went through a 

desiccation process in a vacuum chamber for 20 minutes to prevent the formation 

of air bubbles inside the microchannel during the sample filling. External flow rate 

was determined by a syringe pump (PHD2000, Harvard Apparatus, USA). 

Alternatively, liquid level difference between inlet and outlet reservoir could also 

be utilized for power-free purification concept. Depending on the distance between 
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two Nafion sheets, the introduced flow rate was varied to control the Sherwood 

number of the system. The distance between the sheets was calculated by averaging 

at least seven different points. Also, swelling and shrinking of the Nafion sheet 

with evaporation of the collected sample were considered as well. The collected 

sample was diluted with deionized water to satisfy the minimum volume 

requirement of the ion chromatography (DIONEX ICS-1100, ThermoFisher, USA) 

and the cation concentration was recalculated using at least five reference 

electrolytes near the data. pH of collected sample was obtained using universal pH 

indicator (Science Lab, Universal Indicator Solution, catalog #SLU1051). The 

fluorescent particles (fluorescent polystyrene microspheres, diameter = 1 um, 

ThermoFisher, USA) were used for particle exclusion experiments and their 

motions were imaged by an inverted fluorescent microscope (IX53, Olympus, 

Japan) and CellSens program (Olympus, Japan).  
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4.3 Results and discussion  

4.3.1 Concept of micro/nanofluidic water purification 

It has been known that if a colloidal suspension is introduced into a 

microchannel of which side walls were composed of ion exchange medium (e.g. 

Nafion, nanoporous hydrogel or highly charged nanoporous materials), an ion 

exchange process between ionic species with different diffusion-rate triggers 

decrease of ion concentration[71] as depicted in Figure 4.1(a). An arc-shaped ion 

concentration boundary layer is developed along y-direction due to ion exchange 

and ion diffusion together with convectional flow as shown in Figure 4.1(b). 

Because of the concentration gradient inside the layer, the immersed colloidal 

particles would migrate away from the nanoporous medium depending on the 

balance between the diffusiophoretic velocity (UDP) and convective drag (Uconv). 

Utilizing the long-range diffusiophoretic exclusion phenomenon, here we conveyed 

a continuous water purification device as shown in Figure 4.1(c) and 4.1(d). The 

micro/nanofluidic device was fabricated using commercial Nafion sheets (cation-

exchange medium) in the glass/PDMS building block. Two Nafion sheets were 

aligned on the glass slide to form a microchannel between the sheets. After the 

alignment, blank PDMS was irreversibly bonded on top of it. As the colloidal 

suspension passed through the microchannel, the diffusiophoretic exclusion was 

initiated by the formation of ion concentration boundary layer. The detailed 

fabrication steps and experimental setup were described in chapter 4.2. Through 

rigorous analysis of the ion concentration boundary layer, we verified that the 

Sherwood number was a key parameter to describe the natural ion depletion and 

diffusiophoretic exclusions in our continuous type purification platform. In the next 
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chapter, quantitative theoretical analysis and experimental confirmations of the ion 

concentration boundary layer formation were discussed. 
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Figure 4.1. (a) The schematic diagram of natural ion depletion mechanism around 

nanoporous medium. This diagram is conceptual schematic to understand ion 

exchange and ion depletion process. (b) Schematic diagram for micro/nanofluidic 

device utilizing diffusiophoretic exclusion of colloidal particles induced by 

concentration gradient inside ion concentration boundary layer. The arrows on 

colloidal particle denote velocity components; UDP is the diffusiophoretic velocity, 

Uconv is the convective drag by ambient flow of colloidal suspension and Unet is the 

net velocity of the colloidal particle. (c) photo of assembled device and (d) the 

microscopic image of it. 
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4.3.2 Boundary layer analysis 

Florea et al[71] showed that four different ionic transport equations for Na+, Cl-, 

H+ and OH- can be reduced into analytically tractable equations for the ionic pairs 

such as Na+-Cl- and H+-Cl-, if the local electroneutrality and the chemical 

equilibrium of water are satisfied in the electrolyte. Similar to their approaches, we 

obtained following simplified governing equations from the fully-coupled model in 

Appendix C. 

 uNaNaeff
Na ccD
t

c
+




                    (4.1) 

 uHHHeff
H ccD
t

c
+




                    (4.2) 

and 

HNaCl ccc +                            (4.3) 

where u the flow field, ci the concentration of species i, Deff and DHeff effective 

diffusivities as Deff = 2DNaDCl / (DNa + DCl) and DHeff = 2DHDCl / (DH + DCl). The 

boundary conditions were followed; (i) At inlet, cNa = c0 and cH = cH0 where c0 is 

the bulk electrolyte concentration, cH0 is the bulk proton concentration. We 

assumed pH = 7 at the bulk in the theoretical works. (ii) At outlet, convective out 

flow condition such as n∙(-Dici + ciu) = n∙(ciu) was applied for each i-th species 

where n is the outward normal vector. (iii) At ion exchange surface, cNa = 0 and -

n∙(-DHcH + cHu) = -n∙(-DNacNa + cNau). Using the scaling analysis and non-

dimensionalization, equation (4.1) became the following formula in the limit of 

steady state as 
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where tilde symbol (~) means dimensionless variables whose characteristic scales 

were bulk concentration (c0), the half-width of the microchannel (W), the 

longitudinal length (Ln) of the nanoporous medium, and the mean flow velocity 

(Umean) for cNa, x, y and uy, respectively. Sh is the Sherwood number which is 

defined as the ratio of longitudinal convective transfer (y-direction in this work) 

and transverse diffusion rate (x-direction) as 

effn

mean

DL

UW
Sh

2

                           (4.5) 

Therefore, this derivation revealed that Sh was the unified single parameter 

governing this continuous ion exchange process. Adjusting Sh, one would be able 

to determine the overlap condition of each Na+ concentration boundary layer. When 

Sh was much smaller than 1, the second term in equation (4.4) became negligible 

relative to the first term. This implied that the transverse diffusive transport was 

more predominant than the longitudinal convection. Thus, the ion concentration 

boundary layers were overlapped in the case of Sh << 1. On the other hand, the 

boundary layers were independently formed when Sh >> 1 (i.e. longitudinal 

convection was much greater than the transverse diffusion).  

Usually, the Sherwood number has been utilized to characterize a mass transfer 

system where a boundary flux exists[89][91]. Although our dimensionless number 

seemed to resemble Peclet number, the boundary flux scale is included in our 

parameter. Sh in our system can be divided into (W / Ln) х (c0Umean) / (Deffc0 / W). 

This notation implies (channel aspect ratio) х (longitudinal convective transfer) / 

(boundary flux through ion exchange interface). In addition, even though the Peclet 

number connotes the ratio of convection and diffusion, the diffusion rate in the 

Peclet number does not always implies the diffusive flux through the ion exchange 
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interface. Therefore, Sherwood number was more appropriate to characterize our 

system rather than the Peclet number.  

In order to demonstrate the intuitional insights related to Sh, only single 

concentration boundary layer was considered for convenience (i.e. left wall of the 

microchannel was assumed as the nanoporous medium while the right side was 

assumed as the impermeable surface). Based on the coordinate transform of x =  – 

W and y = , we suggested following concentration profile as the trial solution for 

equation (4.4). 
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where d is the thickness of the boundary layer as a function of . Substituting 

equation (4.6) into equation (4.4) and integrating, we obtained the von Karman 

integral balance[89], 
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Using the expression of the Poisueille flow in slit (equation (C.5) in Appendix C) 

and the assumption of d << W, equation (4.7) became 

000
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which is a differential equation for the thickness of the boundary layer. Solving 

equation (4.8), we obtained the boundary layer thickness as a function of Sh as 

following 
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From the equation (4.9) with linear superposition, the concentration boundary 

layers, which were generated from each porous medium surface, started to overlap 

when Sh = 3. One can expect that the boundary layer became thinner as Sh 

increased. This was because the formation of the layer was suppressed by the 

longitudinal convective transport with increasing Sh. As shown in the figure 4.2(a), 

the exclusion layer was directly visualized with various Sh. As Sh increased, the 

exclusion layer became thinner. 

 The flow rate of feed-stream was set to adjust Sh of the device in the actual 

experiments. Then the Na+ concentration of the collected out-stream sample was 

analyzed using ion chromatography (DIONEX ICS-1100, ThermoFisher, USA). 

The results were shown in Figure 4.2(b) as a function of Sh. As Sh decreased, the 

Na+ removal efficiency increased (i.e. lower Na+ concentration at outlet) in both 

cases of 1 mM and 100 mM NaCl solution. Based on the definition of Sh, 

decreasing Sh would be accomplished by lowering sample flow rate, narrowing 

microchannel or lengthening porous medium. The experimental results of 1 mM 

NaCl (blue triangle in Figure 4.2(b)) was clearly matched with the theoretical 

prediction (solid line). The solid line indicates the theoretical calculation result of 

our model, whose description can be found in “Fully-coupled model for ion 

concentration boundary layer by ion exchange” in Appendix C. In spite of different 

geometry and injection flow rate between numerical domain and experimental 

device, the identical Sh results in the identical outlet concentration. This is because 

Sh was turned out to be a deterministic dimensionless number of our device from 

boundary layer analysis. Thus, at least in dilute NaCl concentration (1 mM in this 

work), the ‘quantitative’ comparison can be possible as shown in Figure 4.2(b). 

However, the results of 100 mM NaCl (red inverse-triangle in Figure 4.2(b)) were 
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deviated from the theoretical prediction. The deviation would be caused by the loss 

of ideal perm-selectivity at such high concentration and finite amount of H+ in ion 

exchange medium. Since the external Na+ was exchanged with internal H+, pH of 

out-stream should be altered. As shown in Figure 4.2(c), theoretical calculation 

(solid line) and pH measurement (inset of Figure 4.2(c)) directly indicated that the 

formation of ion concentration boundary layer strongly relied on the ion exchange 

process. Also, all experiments in Figure 4.2(b) and (c) were conducted within 5 – 

200 minutes so that the effect of finite H+ was negligible.  
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Figure 4.2. (a) Exclusion layer depending on Sh. (b) Normalized concentration of 

Na+ at outlet as a function of Sh. Solid line was the theoretical prediction by the 

boundary layer analysis and symbols were the experimental results as labeled. (c) 

The prediction of out-stream pH as a function of Sh (Inset: Experimentally 

measured out-stream pH). 
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4.3.3 Continuous diffusiophoretic exclusion of colloidal particles 

In this chapter, we discussed the elimination of the microscale substances from 

source water utilizing diffusiophoretic migrations induced by the concentration 

gradient inside the ion concentration boundary layer. As mentioned in the earlier 

chapters, the concentration gradient inside the boundary layer was enough to 

trigger the diffusiophoretic migration. In general, non-treated water contains 

various microscale toxic substances such as dust, microorganisms and waterborne 

pathogens. In order to eliminate such unacceptable matters, ultrafiltration, chemical 

or UV sterilization have been usually adopted[90, 91]. These conventional methods 

need high operation cost and large-scale infrastructures. Especially, the chemical 

sterilization would cause the environmental issues due to inevitable chemical 

byproducts. However, the method utilizing the diffusiophoresis we demonstrated 

relied on physical mechanisms so that none of the toxic byproducts was produced. 

Figure 4.3 showed the diffusiophoretic exclusions of artificial microspheres and 

pathogens (Escherichia coli W3110 ATCC 27325 and Salmonella enterica subsp. 

enterica serovar typhimurium   ATCC 19585, the preparation method of pathogens 

were discussed in Appendix section A) at Sh = 10 and 0.1, respectively.  

The images of Sh = 0.1 were taken firstly and the images of Sh = 10 were taken 

just after the first images. The time variations of two images were less than 5 

minutes. Even though Nafion sheets owns only finite time, this time differences 

won’t affect the reliability of the images. If the immersed particle possessed higher 

zeta potential (p), it would excluded further away from the ion exchange medium. 

Due to the balance between the diffusiophoretic migration and the convective 

transport by longitudinal feed-streams, the charged particles were excluded from 

the ion exchange walls and tended to be focused at the channel center (the excluded 
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region was denoted as exclusion layer). Similar to the ion concentration boundary 

layer, the exclusion layer became thicker along the longitudinal direction (i.e. y-

direction). However, when Sh <1 (Figure 4.3(b) second column), the overlapped 

boundary layer resulted in diminishing concentration gradient in transverse 

direction (i.e. x-direction) so that the focused stream was broaden because of the 

Brownian motion of the micro particle. If we install the branched microstructure at 

the end of microchannel to selectively extract the sample only from the exclusion 

layers, water purification can be achieved based on this diffusiophoretic 

mechanism.  

Firstly, we conducted the experiment without ion exchange phenomenon by 

installing only 3M tape (denoted as “w/o Nafion”) which is impermeable material. 

In this case, the particles were evenly distributed along the longitudinal direction, 

confirming that the present exclusion phenomenon was unrelated to the inertial 

focusing[92, 93]. Triggering ion exchange by installed Nafion sheets, the exclusion 

layers were successfully developed in an arc-shape along the microchannel as 

similar to the ion concentration boundary layers. The lower Sh resulted in the 

thicker exclusion layer. The inlet flow rate would be around 14 L/min at Sh = 3 

with the presented device (cross sectional area was 0.4 mm  0.175 mm to 0.8 mm 

 0.175 mm). The contaminant-excluded water would be extracted at outlet with 

the flow rate of 5.3 L/min. If multiple microchannels of diffusiophoretic 

exclusion are integrated, the purification throughput per unit system volume 

becomes 288 L/min/m3 which is comparable to other on-chip purification methods. 

The purification throughput of electrodialysis was 4.17 – 167 L/min/m3[54] and 

capacitive deionization was 138.9 – 1389 L/min/m3[94].  
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 The exclusion of pathogens, E. coli and S. typhimurium were presented in the 

same figures. While E. coli was excluded as we expected, the concentration 

gradient inside the boundary layer unaffected S. typhimurium. This was because the 

zeta potential of E. coli is approximately three-times higher than that of S. 

typhimurium[95] so that the diffusiophoresis of S. typhimurium was too weak to 

initiate the formation of exclusion layer. Note that the microspheres has the highest 

zeta potential among the demonstrations. Its corresponding thicknesses of 

exclusion layer were the largest, confirming the simulation results that the higher 

zeta potential induced thicker exclusion layer. Interestingly, both E. coli and S. 

typhimurium were undetected in out-stream for the case of Sh = 0.1. In this case, 

the condition would provide a harsh environment (i.e. low pH) for the pathogen of 

weak acidic tolerance[96] so that one was able to expect the disinfection process 

happened without any chemical additive. Assisting these anomalous results, we 

conducted further experiment and simulation. First of all, we monitored the 

fluorescent signal of the pathogens under various pH conditions (pH 5, 4 and 3) as 

shown in Figure 4.4(a). The PDMS microchannel used in this experiment was 

fabricated by conventional PDMS fabricated steps[45] and had 200 m width х 

100 m depth х 3 cm length. The gradual disappearance of the fluorescence with 

lower pH can be observed, but this cannot guarantee the inviability of pathogens. It 

has been reported that the signal of green fluorescent protein (GFP) gradually 

diminishes below pH 7 and GFP totally loses its fluorescent property below pH 

4[97]. In order to confirm the assertion about disinfection induced by ion exchange 

process, we carried out acid resistance assay for each pathogen. See Appendix B 

for Detail information related to acid resistance assay. As shown in Figure 4.4(b), 

the survival percent of pathogens rapidly decreased below pH 5. These assay 
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results implied that the proposed disinfection can be achieved if low pH 

environment is generated inside ion exchange channel. pH in adjacent to the 

cation-exchange medium became around 3 so that one was able to expect the 

disinfection of the suspended pathogens. However, in the case of high Sh, the 

retention time of pathogens in our channel could not be sufficient to disinfect due 

to the high injection rate at inlet. This is why the diffusiophoretic exclusion was 

observed in Sh = 10 as shown in Figure 4.3(a). While our experiments suggested 

the possibility of pathogen disinfection, Cheng and Moraru[98] has reported the 

diffusiophoretic exclusion of bacteria. This discrepant result came from the 

presence of biological buffer. Cheng and Moraru employed a phosphate buffer so 

that the harsh pH environment in adjacent of Nafion diminished, leading to the 

diffusiophoretic exclusion. However, in our system, the absence of buffer reaction 

in electrolyte domain resulted in the harsh pH environment enough to disinfect the 

pathogen. 
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(a) Sh = 10 (b) Sh = 0.1

 

Figure 4.3. Diffusiophoretic exclusion layer of artificial microsphere (1 m 

polystyrene) and pathogens (E. coli and S. typhimurium) with Sh = 10 (a) and Sh = 

0.1 (b) respectively. 
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Figure 4.4. (a) Microscopic images showing decrement of pathogen florescent 

signal with low pH. (b) % survival of pathogen under various pH obtained from 

acid resistance assay. 
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4.3.4 Long-time ion exchange to obtain actual sustainable time. 

Note that the diffusiophoretic exclusion, such as the particle-free zone in Figure 

4.3, stopped after the internal protons were completely consumed, resulting the 

collapse of the ion concentration boundary layer. In other words, the ion exchange 

and the diffusiophoretic exclusion processes were impermanent so that our system 

possessed finite sustainable time. The requirements for the sustainable exclusion 

are (i) highly charged medium, (ii) large membrane width or volume and (iii) low 

Sh. In order to obtain the actual sustainable time, additional long-time experiment 

was conducted with 10 mM NaCl and Sh = 10 

In order to obtain the actual sustainable time, additional long-time experiment 

was conducted with 10 mM NaCl and Sh = 10 as shown in Figure 4.5(a). The 

thickness of the exclusion layer was measured at ~2.3 mm from the starting point 

of Nafion after injection flow reached the steady state (~10 minutes). Negligible 

swelling and shrinking of Nafion were observed in the long-time operation. 

Adherence of colloidal particles to the glass substrate and photo bleaching of 

Nafion sheets were observed during the experiment. Asymmetric exclusion layers 

at each time were caused by leakage flow through the gap of Nafion/PDMS or 

Nafion/glass. However, the asymmetry was not critical to measure the layer 

thickness as a function of time. The exclusion layer was quantitatively measured in 

5 different devices as shown in Figure 4.5(b). The exclusion phenomenon was 

actually sustained over 8 hours. By linear extrapolation, we expected that the 

exclusion would be terminated after 18 hours 
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Figure 4.5. Long-time operation on micro/nanofluidic ion exchange device. (a) 

Time-revolving snapshots of exclusion layer and (b) the thickness of exclusion 

layer as a function of time. 
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4.4. Conclusions 

In this chapter, we investigated the concentration gradient-induced 

diffusiophoretic migration inside the ion concentration boundary layer formed 

nearby the ion exchange material. From the previous research[71], the ion 

exchange leads to the natural ion depletion around the material so that the ion 

concentration boundary layer would be generated and the concentration gradient 

inside the layer results in anomalous long-range particle exclusion away from the 

ion exchange interface. In order to utilize the exclusion phenomenon for 

micro/nanofluidic water purification platform, here we established a continuous 

type of ion exchange device. Through the rigorous boundary layer analysis, the 

layer was quantitatively characterized by using a single parameter Sherwood 

number (Sh) which is a dimensionless number containing external flow rate, 

diffusivity of dissolved ionic species and geometrical factors. Depending on Sh, we 

experimentally (artificial microsphere and pathogens) demonstrated that the long-

range diffusiophoretic exclusion can be applicable to the continuous water 

purification. Our diffusiophoretic platform would provide the economic, high 

energy-efficient and portable water purification as well as conventional use of ion 

exchange process such as desalination or water softening. 
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Chapter 5. Experimental Investigation 

on Spatiotemporal Concentration Profile 

of the Ion Concentration Polarization Layer 

5.1 Introduction 

Ion concentration polarization (ICP) is a fundamental electrokinetic 

phenomenon that occurs near a perm-selective nanoporous membrane or 

nanochannel. Concentration gradients are induced by the applied dc bias next to the 

perm-selective membrane. These concentration gradient regions are called ion 

depletion zone (low concentration) and ion enrichment zone (high concentration) 

which is formed at the anodic and cathodic side, respectively. This is the case of 

cation-selective membrane (e.g. Nafion) and vice versa. 

However, the exact solution of ICP phenomenon is still lacking because of the 

high complexity of the phenomenon which includes highly coupled physical 

parameters such as dynamic evolution of electric field, nonlinear fluid flow, 

charged species transport and wide range of physical scale ranging from 

nanometers to centimeters. Because of this high complexity, the experimental and 

theoretical investigation of componential problems of ICP can lead the in-depth 

understanding of ICP such as nonlinear electrokinetic flow[17, 34], amplified 

electric field[22], electroconvection[18], micro–nanofluidic ion transport[99], and 

so on.  

One of the key characteristic of ICP is that charged particles being repelled from 

the ion depletion zone which acted as a virtual barriers. With the balance of 

hydrodynamic drag force and electrophoretic force on the charged molecules, ICP 
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had been widely applied to a preconcentrator for the detection of low abundant 

molecules. Continuous type ICP device with diverse target molecules had been 

reported due to its easy operation and a factor up to million-fold[19, 43, 100-103]  

Fundamental study on preconcentration dynamics of ICP and engineering 

applications can be explored based on the concentration profile. The concentration 

profile of diffusion layer was predicted to be linear in the early stage of ICP model. 

Classically, the model only considered diffusion and electro-migration as the 

mechanism of ion transportation based on Nernst-Planck equation[16]. Only 

Ohmic and limiting ionic current could be explained with this early model (Figure 

5.1(a)). With more theoretical and experimental research, people verified that 

convection effect should also be considered into the model. Strong vortices 

generated by non-linear electrokinetic fluid slip efficiently mixed the electrolyte of 

the depletion zone making the concentration of depletion zone nearly flat and 

below 10% of bulk concentration[17, 49, 56, 104]. The mechanism of overlimiting 

current regime was verified which was followed by Ohmic and limiting current 

regimes (Figure 5.1(b)). Once again the model was improved including multiple 

vortexes induced by primary vortex. Step-wise concentration profile in the ICP 

layer was verified with an in-depth experimental investigation of multiple vortical 

instabilities inside the ICP layer[55] (Figure 5.1(c)). Most of the research focused 

on ion depletion zone which had rather low concentration compare to the bulk 

concentration (< 0.1 c0).  

In this work, in-depth experimental investigation on spatiotemporal 

concentration profile of diffusion-convection layer during ICP process was 

examined. Here, diffusion-convection layer was defined as the intermediate region 

between bulk region and ion depletion zone. Unlike the traditional diffusion-
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convection layer which had almost linear diffusion layer, the measured data 

indicated near plateau concentration distribution over the diffusion-convection 

layer in a microfluidic environment (Figure 5.1(d)). The propagating plateau 

concentration profile with nearly 60 % of bulk concentration was confirmed with 

visualization through fluorescent dye and microelectrode conductivity 

measurements, respectively. Also, three experimental parameters (fluorescent dye, 

bulk concentration and initial volumetric flow) were investigated to broaden the 

knowledge related to this phenomenon.  
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Figure 5.1. Schematic diagrams of the concentration profile of ICP layer. (a) Initial 

model of ICP layer with diffusion and drift considered. (b) Non-linear 

electrokinetic fluid slip induced vortex was added to (a). (c) Multiple vortex caused 

by primary vortex was added to (b). (d) Proposed model including plateau 

concentration next to diffusion layer.  
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5.2. Experimental Setup 

5.2.1 Device Fabrication 

The microelectrodes were patterned on a glass wafer using a standard 

photolithography, deposition and lift-off process[22, 31, 55]. First, typical SPM 

cleaning was performed on the glass wafer. Then the glass wafer was baked at 

110 °C for 5 minutes for dehydration. AZ 5214E photo resister was sufficiently 

dispensed on the substrate. The substrate was spun at 500 rpm for 5 seconds with 

acceleration of 100 rpm/s and at 4000 rpm for 40 seconds with acceleration of 1000 

rpm/s using spin coater to form 1.4 m depth of AZ 5214E. The substrate was 

prebaked at 110 °C for 50 seconds and was exposed to 75 mJ/cm2 of UV with the 

mask on MA6. Reversal bake was performed to the substrate at 120 °C for 2 

minutes. Flood exposure of > 200 mJ/cm2 was dosed. Afterwards substrate was 

immersed into the developer AZ 300 MIF for 45 seconds and was immersed into 

deionized water for 30 seconds. Then postbake was performed to the substrate at 

120 °C for 50 seconds.  

10 nm titanium and 100 nm gold were deposited on the glass wafer using E-

Gun evaporator where titanium acted as an adhesion layer. Afterwards unnecessary 

titanium-gold layer was removed by metal lift-off process. Glass petri dish was 

filled with acetone and was covered with silver foil to prevent evaporation. The 

gold deposited glass wafer was immersed into the acetone and was agitated with 

sonicator for 30 minutes. The wafer was sprayed with isopropanol, ethanol, and 

deionized water around 10 seconds consecutively and was dried with air gun. After 

the lift-off process the wafer was diced into proper size with dicing saw. As a result, 

glass wafer containing microelectrodes patterns (50 m width, 200 m spacing) 
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was fabricated as shown in Figure 5.2(a). Local potentials was measured using Au 

electrodes. Perm-selective nanoporous membrane (Nafion, 20 w.t. % resin, 

Sigma Aldrich, USA) was patterned on the sliced glass wafer with Au -electrodes 

using surface patterning method. The Nafion (width 200 m, depth ~ 1 m) was 

positioned 500 m away from the patterned microelctordes as shown in Figure 

5.2(b).  

Polydimethyl siloxane (PDMS, Sylgard 184 Silicone elastomer kit, Dow 

Corning) based microchannel (width 200 m, depth 15 m) molding was 

fabricated using previously published methods[53, 105]. The PDMS molding was 

irreversibly bonded on top of the Nafion patterned substrate using plasma bonder 

(Cute-MP, Femto Science, Korea). Two microchannels were connected by Nafion 

allowing micro-nano-micro hybrid device, as shown in Figure 5.2(b). Sliced glass 

wafer (1.75 cm x 3.5 cm) was bonded on top of the slide glass (2.5 cm x 7.5 cm) 

with clear super glue. Wires were electrically connected to each Au -electrodes 

with silver conductive epoxy adhesive (8331, MG Chemical).  

 



 

 74 

5.2.2 Device operation 

Figure 5.2(c) shows the operating platform of the device for the visualization 

and concentration profiling experiments. Electrolyte solution of KCl (0.1 mM ~ 10 

mM, Sigma-Aldreich, USA) mixed with 20 m fluorescent dye (Alexa 488, 

Invitrogen, USA) and carboxylate-modified FluoSpheres (d = 1 m, yellow-green 

fluorescent, Invitrogen, USA) was injected into the main microchannel. Also, KCl 

electrolyte (10 mM ~ 1 M) at least 100 times higher than main microchannel was 

injected to the buffer microchannel which was mixed with 20 m Alexa 488. The 

high KCl concentration at the buffer microchannel were to minimize a voltage drop 

in the buffer solution and to minimize the unnecessary effect of concentration 

change of ion enrichment zone[33, 41].  

An inverted fluorescence microscope (IX53, Olympus, Japan), CCD camera 

(DP73, Olympus, Japan) and commercial software (CellSense, Olympus) were 

used to image and detect the electrokinetic flow inside the microchannel. The 

fluorescent intensity of the images were analyzed by ImageJ (NIH, Bethesda, MD, 

USA) to calculate the fluorescent concentration. The initial volumetric flow was 

formed by the height differences of the reservoirs if necessary. Voltage was applied 

with source measure unit (Keithley 236, USA) while current-time responses were 

obtained by Ag/AgCl electrodes simultaneously. The applied voltage was in the 

regime of overlimiting regime[37] causing ICP phenomenon near the nanoporous 

membrane. Also, other four source measure units (Keithley 236, 237, 238, USA) 

measured the local potentials of the microchannel simultaneously with patterned 

Au microelectrodes. Since there were 7 patterned Au microelectrodes and 4 

measuring units, only 4 local potentials were measured at each experiments. The 
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current and local potentials were measured automatically using Labview program 

(National Instruments, USA).  
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Figure 5.2. (a) Snapshot of the fabricated device containing Au -electrodes. The 

device was fabricated with conventional soft lithography method and lift-off 

process (b) 3-D schematic of the device showing the applied potential of each 

reservoirs and Au -electrodes measure the local potential. (c) Schematic figure of 

operating platform with microscopic view of the fabricated device.  
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5.2.3 In situ concentration measurement  

The average conductivity of the electrolyte between each microelectrodes  was 

calculated by the Ohm’s law = i/(|ΔV |/L*A), where i is the current passing 

through the Nafion junction and ΔV is the voltage difference between 

microelectrodes. L (250 m or 500 m) was a gap between the microelectrodes and 

A (14.5 mm X 200 mm) was the cross-sectional area of the microchannel. The local 

concentration was estimated by reference conductivity of the KCl solutions. The 

reference conductivity in 0.01, 0.1, 1, 10, 100 mM KCl electrolyte were ~ 1.61 S 

cm-1, ~ 14.5 S cm-1, ~ 150 S cm-1, 1.43 mS cm-1, 13.0 mS cm-1 respectively[55]. 

Based on these sets of conductivity values, the measured local average 

conductivities were converted into local average concentration values.  
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5.3. Results and discussion 

5.3.1 Unexpected plateau concentration region  

Figure 5.3(a) shows the time evolving snapshots of the main microchannel with 

the applied voltage (+Vapp = 70 V). The main microchannel was filled with 10 mM 

KCl (c0) as a background electrolyte, while buffer microchannel was filled with 1 

M KCl. With the applied voltage, ion depletion zone was formed next to the 

nanoporous membrane and fluorescent intensity was increased due to the 

preconcentrated fluorescent dyes. Four microelectrodes with odd-numbered 

position which had 500 m gap were used to measure the local potentials of the 

solution in this section.  

The region of interest was the preconcentrated fluorescent dye region which 

propagated toward the anode indicated as the sky blue arrow in Figure 5.3(a). Red 

(c13), yellow (c35) and green (c57) rectangular region in Figure 5.3(a) were the 

average and spatiotemporal concentrations between the electrodes were shown in 

Figure 5.3(b). To be more specific, explanation of red rectangular (c13) region was 

followed. Between 0 ~ 1 minute, fluorescent intensity was the same as initial 

condition of mixed solution and the local average concentration (c13) was measured 

to be 10 mM (0 ~ 1 min red circles in Figure 5.3(b)). Between 1 ~ 2 minutes, 

increased fluorescent intensity region propagated toward the left side of red 

rectangle and the local average concentration went down reaching ~6 mM (1 ~ 2 

min red circles in in Figure 5.3(b)) at the same time. After 2 minutes, increased 

fluorescent intensity was fixed and also the local average concentration was fixed 

from 6 mM (2 ~ 5 min red circles in Figure 5.3(b)). This explanation can also be 

applied to other regions; yellow (c35) and green (c57) rectangular regions. As a 
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results, the concentration of increased fluorescent dye regions was verified to be 

~0.6 c0 based on the visualization and calculated data. Unlike traditional models, 

the unexpected long plateau concentration profile was observed which propagated 

toward the anode (sky blue arrow region in Figure 5.3(b)). 

Also, the time when c13 reached plateau concentration (~ 6 mM) was similar to 

the time when c35 started to decrease (t = ~ 2 min) and the time when c35 reached 

plateau concentration (~ 6 mM) was similar to the time when c57 started to decrease 

(t = ~ 3 min). One can infer that the concentration boundary was passing through 

the specific electrodes at those times. Also, 1 m FluoSpheres were being repelled 

at the boundary of bulk concentration and were being preconcentrated in this 

experiment. 

Even though we experimentally demonstrated the plateau concentration 

phenomenon, theoretical and simulation results are still lacking to explain the 

fundamental physics. So, various experiments were conducted to broaden our 

knowledge related to this phenomenon. 
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Figure 5.3. (a) Microscopic view of time-evolving snapshots of the main 

microchannel with 10 mM KCl (c0) as background electrolyte. Preconcentrated 

fluorescent dye were being propagated toward the anode. The region between two 

measured electrodes were indicated as red (c13), yellow (c35) and green (c57) 

rectangles. Also, plateau concentration region was indicated as sky blue arrow. (b) 

Corresponding local average concentration vs. time responses of c13, c35 and c57. 

Each region reached plateau concentration (~0.6 c0) when the propagating 

fluorescent dye reached the left side of rectangle, respectively.  
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5.3.2 Experimental parameter sweep 

5.3.2.1 Influence of fluorescent dye on plateau concentration 

Along with cationic fluorescence dye (R6G), Alexa 488 had been widely used 

to visualize ICP near the permselective nanochannel and nanoporous membrane 

[30, 41, 106, 107]. As mentioned earlier, preconcentrated Alexa 488 fluorescent 

dye was able to visualize the plateau concentration region, however it might affect 

the formation of plateau concentration region. To examine the influence of 

fluorescent dye on plateau concentration, the same experiment was conducted as in 

section 5.3.1 but without fluorescent dye.  

First, calculated local average concentration showed the same plateau 

concentration profile (~ 0.6 c0) even without the fluorescent dye as shown in Figure 

5.4. Here, the data was more unstable than in the previous section because the 

voltage difference between the electrodes was smaller.  

Second, carboxylate-modified 1 m microparticles were being repelled and 

preconcentrated from the specific propagating boundary. This was the same 

phenomenon observed in section 5.3.1 with fluorescent dye.  

Lastly, the concentration of the fluorescent dye was significantly smaller than 

those of the buffer ions in section 5.3.1. It is known that the fluorescent intensity is 

proportional to fluorescent dye concentration when fluorescent intensity is rather 

small[20, 108]. At the plateau concentration region, fluorescent dye concentration 

was calculated as 90 m (20  x 450 %) while the buffer ions concentration was 

calculated to be 6 mM (10 mM x 60 %). Based on the measured data one can 

calculate the contribution of each ion species to the overall current. Their 

contribution is proportional to the electrical mobility and concentrations. The 
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contribution of Alexa 488 was calculated to be only 0.68% (Alexa488cAlexa488/clccl) 

compared to the anion ions. Here, the electrical mobilities of Alexa488 and Cl- 

were Alexa488=36.0×10−9 and Cl=79.1×10−9 m2/Vs, respectively. Also, Alexa488 is 

pH-independent between the pH values of 4 and 10[109].  

Based on the three experimental results mentioned, the influence of fluorescent 

dye was turned out to be negligible but can visualize the plateau concentration 

region. Also, the fluorescent intensity wasn’t inversely proportioned to the local 

electrolyte concentration[56] in this experiment, and since the plateau 

concentration region owned similar concentration (~ 0.6 c0) it had same physical 

properties such as electric field, conductivity, flow field and so on, at the specific 

moment. 

w/o fluorescent dye

plateau concentration

~ 0.6 c0

45

12

34

23

 

Figure 5.4. Local average concentration vs. time responses without fluorescent dye. 

After each region reached plateau concentration (~0.6 c0) the local average 

concentration was fixed. All seven -electrodes were used in this experiment.  
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5.3.2.2 Bulk concentration vs. plateau concentration (%) 

The next parameter that we examined was the initial bulk concentration’s 

influence on plateau concentration phenomenon. Initial bulk concentration was 

changed ranging from 0.1 mM to 10 mM. As shown in Figure 5.5(a), the plateau 

concentration phenomenon occurred at every concentration ranging from 0.1 mM 

to 10 mM. Also, the percentage of plateau concentration to bulk concentration was 

nearly 60% of bulk concentration. However, the percentage slightly increased as 

the bulk concentration became higher. To be more specific, percentage of plateau 

concentration to bulk concentration of 0.185 mM and 1.03 mM were 56.5% and 

59% respectively. At the same time, the time required to reach the plateau 

concentration increased as the bulk concentration increased as shown in Figure 

5.5(b). Since plateau concentration phenomenon was observed independently from 

the bulk concentration, joule heating effect was eliminated from the potential cause 

of plateau concentration[110].  

The reason why higher concentrations above 10 mM such as 100 mM or 1000 

mM were missing was because of the unstable ion depletion zone. At high 

concentration, the current mechanism changed from electro-osmotic flow to 

electro-osmotic instability[37]. In the electro-osmotic instability regime, ionic 

current and local potential oscillated too fast hindering the measurement of 

concentration profile (See Figure 5.6)). However, the propagating preconcentrated 

fluorescent region was observed along the microchannel even at high concentration 

region. So, one can deduced that plateau concentration phenomenon occurs at 

every bulk concentration.  
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Figure 5.5. (a) Initial bulk concentration vs. percentage of plateau concentration to 

bulk concentration (~0.6 c0). The plateau concentration phenomenon occurred at 

every concentration. (b) Local average concentration vs. time responses of two 

different bulk concentration 0.185 mM and 1.03 mM. 
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Figure 5.6. Unstable measured data at high bulk concentration (c0 =20 mM) due to 

unstable ion depletion zone at electro-osmotic instability regime. (a) Unstable 

current-time responses and (b) unstable voltage difference between electrodes 

hindered the measurement of local average concentration.  
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5.3.2.3 Influence of initial volumetric flow on plateau concentration 

Lastly, initial volumetric flow effect on plateau concentration was examined. 

Many microfluidic applications utilized initial volumetric flow to increase the 

efficiency of preconcentration[53, 92, 111]. Also, initial volumetric flow is one of 

the key parameter influencing the formation of ICP[111, 112]. The propagation 

velocities of plateau concentration were 5.1 m/s and 8.4 m/s with and without 

initial volumetric flow, respectively. Also, the concentrations of fluorescent dye at 

the plateau concentration were calculated as 50 (20  x 250 %) and 72 M 

(20  x 360 %) with and without initial volumetric flow, respectively. The data 

showed that the propagation velocity of plateau concentration decreased while 

concentrations of fluorescent dye increased with higher initial volumetric flow. 

This results agreed with the suppressed ICP which initial volumetric flow affects 

the formation of ion depletion zone. Also, the percentages of plateau concentration 

to bulk concentration were 60 % and 57 % which was similar with and without the 

initial volumetric flow, respectively as shown in Figure 5.6. As a result, we 

deduced that even though initial volumetric flow affects the formation of plateau 

concentration region it doesn’t influence the percentage of plateau concentration to 

bulk concentration.  
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Figure 5.6. Local average concentration vs. time responses (a) without initial 

volumetric flow and (b) with initial volumetric flow. The percentages of plateau 

concentrations to bulk concentration were similar.  
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5.3.2.4 Rightness of In situ concentration measurement with Au 

microelectrodes 

As mentioned in the earlier section, the local ion concentrations were estimated 

with Au microelectrodes arrays as shown in Figure 5.2. When using 

microelectrodes array there are several effects to be considered such as Joule 

heating[110], faradaic reaction[113, 114], induced charge electrokinetic effects[115, 

116], etc.  

First, Joule heating effect is highly dependent on electrolyte concentration so it 

can be neglect based on the fact that the plateau concentration occurred at every 

bulk concentration which was mentioned at section 3.2.2.  

Next, the interfacial potential difference between bipolar electrode and solution 

is highest at the ends of the electrode[114]. So faradaic processes are always 

observed there first. Based on our experimental settings, the maximum potential 

difference within single electrode was calculated to be 0.28 V while the required 

potential difference of water splitting was 1.23 V. This was due to the rather high 

concentration of plateau concentration region which was nearly 60 % of bulk 

concentration. The voltage was applied to the rather low ion depletion zone not on 

the plateau concentration region. Since the maximum potential difference was 

rather smaller than 1.23 V faradaic reaction and electrokinetic effects were small 

enough in our experiments.  

Above all, the estimated ion concentrations using microelectrodes were similar 

to those ion concentrations we had used. For example, the error was less than 4 % 

when 10 mM KCl electrolyte was used.  
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5.4. Conclusions 

In this work, spatiotemporal concentration profile of diffusion-convection layer 

during ICP process had been measured with patterned microelectrode. Unlike the 

traditional diffusion-convection layer which had linear concentration profile, the 

measured data showed near plateau concentration distribution over the diffusion-

convection layer in a microfluidic environment.  

The propagating plateau concentration profile with nearly 60 % of bulk 

concentration was confirmed with fluorescent dye visualization and microelectrode 

conductivity measurements, respectively. Also, three experimental parameters 

(fluorescent dye, bulk concentration and initial volumetric flow) were investigated 

to broaden the knowledge of plateau concentration.  

To the best of our knowledge, this was the first time that plateau concentration 

region was demonstrated experimentally at ICP layer. Until now people mainly 

focused on the ion depletion zone (<0.1 c0) which had rather low concentration due 

to its distinct properties. However, even though plateau concentration region had 

rather higher concentration (~0.6 c0) compare to ion depletion zone, it also acted as 

a distinct boundary to the movement of charged molecules as well.  

This anomalous concentration profile can provide a key information to the 

fundamental study on preconcentration dynamics of ICP and novel engineering 

applications utilizing micro-nanofluidic system.  
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Chapter 6. Conclusion 

In this thesis, concentration boundary layer’s physical properties were discussed. 

The mechanism of concentration boundary layer induced by permselective ion 

transport was divided into two parts; electromigratory flux and diffusive flux. We 

adopted physical phenomenon called ICP and diffusiophoresis in electromigratory 

flux and diffusive flux, respectively. First, an air valve using Young-Laplace 

equation was conceived for exact electrokinetic measurement with convenient 

experiments. Secondly, parallel formation of nanoporous membrane with the 

microchannel having the effect of enhancing surface conduction lead to the 

alternation ionic transportation mechanism from electroosmotic flow to surface 

conduction. The change of mechanism gave a unique property of stabilizing 

concentration boundary layer propagation even at high concentration electrolyte 

due to newly formed bifurcated current path. Also, non-destructive cellular 

preconcentrator was demonstrated using this property. Thirdly, experimental 

investigations on the exclusion zone formation near the surface of an ion exchange 

medium in the presence of a steady channel flow were discussed. The exclusion 

zone was formed by diffusive flux of ions transporting into the nanoporous 

membrane. Exchange of cations at the Nafion/liquid interface created the 

concentration gradient of the ions near the side walls, which then formed an 

exclusion zone of suspended particles. Different types of charged particles were 

tested to visualize exclusion zones under different conditions. Then the formation 

of exclusion zone in the channel flow was used as a method for water cleaning. 

Lastly, spatiotemporal concentration profile of diffusion-convection layer during 

ICP process had been directly measured with patterned Au microelectrode. Unlike 
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the traditional diffusion-convection layer which had linear concentration profile, 

the measured data showed near plateau concentration distribution over the 

diffusion-convection layer in a microfluidic environment. Even though, plateau 

concentration region had rather higher concentration (~0.6 c0) compare to ion 

depletion zone, it also acted as a distinct boundary to the movement of charged 

molecules as well.  

Investigating concentration boundary layer is an important subject since the 

layer divides bulk concentration and altered concentration which is the starting 

point of new physical properties. For example, amplification of electric field, 

vortex formation due to high electro-osmotic flow, pH variation caused by ion 

concentration change and different movement of analyte arise at the concentration 

boundary layer. If we can properly obtain the concentration boundary layer profile, 

not only does it help exploring various unique phenomena arising from the 

permselective ion transportation but also it can support ground data when 

conceiving engineering applications. However, modeling electrokinetic transport 

phenomena requires simultaneous solution of continuity equation, Navier-Stokes 

equation, Nernst-Planck equation, Poisson equation and physical properties like 

device geometry, surface potential, porosity of the nanoporous membrane etc. Due 

to these diversity and complexity, answering the exact concentration boundary 

layer profiles is still an enigma. Experimental solutions are even more complex to 

acquire because direct measurement of concentration profiles is realistically 

unfeasible. So one needs to utilize variety of methods to acquire the concentration 

boundary layer. This thesis enlightened the role of concentration boundary layer 

where permselective ion transportation exists. Various experimental methods were 

adopted to elucidate the properties of concentration boundary layer in specific 
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conditions. In addition to the analytical approach based on experimental results, 

practical devices were conceived to solve engineering problems such as 

experimental conveniences, non-destructive cellular preconcentrator and water 

treatment. Moreover, sophisticated micro/nanofluidic phenomena had been 

characterized and discussed in this thesis. Given the importance of investigating 

concentration profile of boundary layer, we hope that this thesis would broaden the 

knowledge of the physical properties of ICP and diffusiophoresis.  
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Appendix 

A. Pathogen preparation 

Dr. Jina Yang who belongs to School of Chemical and Biological Engineering 

in Seoul National University provided the pathogens in chapter 4.  

The Phusion polymerase, restriction enzymes, Quick ligase kit and pBR322 

plasmid were purchased from New England Biolabs (Ipswich, MA, USA). The 

oligonucleotides, whose sequence was denoted in Appendix Table A.1, were 

synthesized by Bioneer (Daejeon, Korea). One Shot MachT1 (Invitrogen, Carlsbad, 

CA, USA) was used for standard cloning. All reagents for media preparation were 

purchased from BD Bioscience (Sparks, MD, USA) and ampicillin was obtained 

from Gold Biotech (St. Louis, MO, USA). 

To visualize the bacterial cells, the cells were transformed with the plasmid 

harboring superfolder green fluorescent protein (sfGFP). The pG-OXB20-GFP 

plasmid expressing sfGFP under the control of strong constitutive promoter 

(OXB20) and synthetic 5’-untranslated region (5’-UTR) was used as a template to 

construct the pBR322-OXB20-GFP plasmid by the standard cloning procedure. 

The vector backbone was amplified from pBR322 with XbaI-pBR322-R and 

Bsu36I-pBR322-F primers. The OXB20-GFP was amplified from pGEM-OXB20-

GFP with XbaI-OXB20-F and Bsu36I-GFP-R primers. These amplified fragments 

were digested by XbaI and Bsu36 and ligated by Quick ligase kit.  

 The pG-OXB20-GFP and pBR322-OXB20-GFP plasmids were introduced 

into E. coli W3110 (ATCC 27325) and S. typhimurium (ATCC 19585) by 

electroporation (2.5 kV, 200 , 25 F in 0.2 cm-gap cuvette). The transformed E. 

coli W3110 and S. typhimurium were inoculated in 3 mL LB medium containing 
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ampicillin (50 g/mL) to maintain plasmids and cultured at 37oC with 200 rpm. 

After overnight culture, cells were diluted in fresh media and additionally cultured 

for 12 hours. Matured cells were harvested by centrifugation and washed and 

resuspended in the sample solution. 

 

B. Acid resistance assay for each pathogen  

Dr. Jina Yang solely conducted acid resistance assay experiments for each 

pathogen in chapter 4. 

Overnight cultures were diluted in fresh LB (Luria-Bertani) medium containing 

50 mg/L ampicillin and incubated at 37 oC with shaking at 250 rpm for 2 hours. 

Cells were harvested and exposed to different acid solutions by resuspending cells 

in acidic 1mM NaCl adjusted with HCl. As untreated control, cells were also 

resuspended in 1 mM NaCl without adjustment. After 1 min static incubation at 

room temperature, cells were harvested and washed with 1mM NaCl. Cells than 

plated on the LB agar containing 50 mg/L ampicillin. After overnight incubation at 

37 oC, viable cells were determined by counting colonies on the plates. Acid 

survivals were calculated by dividing CFU (colony forming unit) of acid treated 

cells by CFU of untreated controls. 

 

 

 



 

 93 

 

Name Sequencea 

Bsu36I-pBR322-F AAACCTCAGGTGAATGGAAGCCGGCGGCACCTC 

XbaI-pBR322-R ACTTCTAGACACGGTGCCTGACTGCGTTAG 

XbaI-OXB20-F CCCGTTAACTCTAGAAGCTGTTGTGACCGCTTG 

Bsu36I-GFP-R CACCTGAGGTTTCAGCAAAAAACCCCTCAAGACC 

aUnderlined characters indicate enzyme sites for cloning. 

Appendix Table A.1. Sequences of synthesized oligonucleotides. 
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C. Fully-coupled model for ion concentration boundary layer by ion 

exchange 

Prof. Hyomin Lee who belongs to Department of Electrical and Computer 

Engineering in Seoul National University conducted fully coupled numerical 

simulation in Appendix C & D. 

In our diffusion-convection problems, there were four species such as Na+, Cl-, 

H+ and OH- in the electrolyte. The Nernst-Planck equations usually describe the 

mass conservation of each ionic species which are 
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where F is the Faraday constant, R is the gas constant, T is the absolute temperature, 

 is the electric potential, krxn is the reaction rate constant of spontaneous water 

ionization (H+ + OH- ↔ H2O) and Kw is the equilibrium constant of the water 

ionization. Although the ion exchange cell was operated without any electrical 

power source, the term of the electro-migration (the second term of RHS in 

equation (C.1) – (C.3)) should be considered for describing the electric interactions 

to retain the local electroneutrality. The electroneutral interactions are expressed by 

the Poisson equation, 
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 OHHClNa ccccF +  2
                  (C.4) 

Since the colloidal suspension was introduced by the external pressure, the 

imposed flow field was given by the Poiseuille flow in slit. 

2
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u e                     (C.5) 

where Umean is the mean velocity, x is the spatial coordinate of which origin is 

denoted in Figure 1(b), W is the half-width of the microchannel and ey is the unit 

vector of y-direction. In general, the externally imposed flow is stronger than 

another self-generated flow such as capillarity, diffusioosmosis[29, 72, 117, 118] or 

density variation driven flow[119-121]. So we only considered the externally 

imposed flow in equation (C.5). Notably, we could neglect the capillarity ion 

concentration polarization which is another mechanism to generate the natural ion 

depletion caused by the capillarity-induced convective flux as mentioned in our 

previous publications[68, 122] since we adopted cation-selective Nafion possessing 

low ability for absorbing water. 

The boundary conditions at inlet were bulk concentrations for the Nernst-Planck 

equations (cNa = cCl = c0 and cH = cOH = cH0 where c0 and cH0 are the bulk 

concentration of each ionic species) and electrical ground for the Poisson equation 

( = 0), respectively. At outlet, the outflow condition for Nernst-Planck equations 

(ionic flux through the boundary was composed of only convective flux) and 

electrical ground for the Poisson equation were imposed. At the typical 

microchannel walls, no penetration of ionic species for the Nernst-Planck equations 

and zero charge density for the Poisson equation were assigned. At the surface of 

nanoporous medium, the boundary conditions for equation (C.1), (C.2) and (C.4) 
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were the zero concentration of Na+ and no penetration of Cl- and OH-, respectively 

as similar as Florea’s model [71]. The condition of zero Na+ concentration is 

guaranteed if the Donnan concentration of the nanoporous medium is higher than 

the bulk concentration. Since the 1:1 ion exchange occurred through the interface, 

the condition for equation (C.3) was 

  0+ HNa jjn                         (C.7) 

where n is the outward normal vector, jNa and jH are the ionic fluxes of Na+ and H+. 

The ionic flux of i-th species was expressed as 

uj ii
ii

iii cc
RT

FDz
cD +                   (C.8) 

where subscript, i means the i-th species and zi is the valence of i-th species. From 

the constraint of zero current density on the nanoporous medium (i.e. n∙(jNa – jCl + 

jH – jOH) = 0), we obtained the normal electric field at the interface as an electrical 

boundary condition for the Poisson equation as 
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This was the ion exchange-induced electric field to retain the local electroneutrality.  
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D. Boundary conditions for 2D fully-coupled model.  

Although we mentioned the boundary conditions for the 2D fully-coupled 

model to describe the ion concentration boundary layer in Appendix C, the 

summarized conditions presented for better understanding as shown in Appendix 

Figure D.1. 

Appendix Figure D.1. Graphical representation of boundary conditions.  
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