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ABSTRACT 

Over the past few years, the experimental and computational analysis of Ion 

concentration polarization (ICP) phenomenon has been researched in the nanofluidic device. 

However the ICP has not been fully defined due to problems of analysis inside the 

nanochannel including external potential, surface potential for EDL (Electric double layer), 

ions transport with osmotic flow by external and surface potential of nanofluidic device. 

These problems of analysis are making difficult to analyze the ICP of nanofluidic device. 

Hence, we propose the computational simulation of nanochannel using COMSOL 

Mulitphysics for ICP phenomenon with each effects inside the nanochannel. We analyzed 

the electric field with boundary conditions of surface potential, surface charge density, and 

EDL model which is derived from Gouy-Chapman model. Also, each elctroosmotic flows 

by three electric field are generated respectively. Finally, Ions transports in the nanochannel 

by each electric field and osmotic flow are analyzed compared to each other computational 

simulations. As a result, we confirmed that three different electric fields make different 

osmotic flows and ions transports respectively. This result is meaningful for analysis of ICP 

phenomenon by electric field composed of EDL model which is from Gouy-Chapman, 

recent model at surface of nanochannel. 

 

 

Keywords: Ion concentration polarization (ICP), Ion selective nanochannel, Electric double 

layer (EDL), Nanofluidic device, Electroosmotic flow, Ions transport. 
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1. INTRODUCTION 

 

1.1 Objectives and Motivations 

From old times, people try to acquire or separate the tiny quantity of biomolecules 

and ions like DNA [1-3]; protein [4-6]; bacteria [7, 8]; drug [9, 10]; and salt from the sea 

water [11, 12]. From dialysis using water permeable membrane [13] and electrodialysis 

using ion-exchange membrane [14] to nanofluidic device which is composed to negatively 

charged Nafion membrane [15, 16], there are many developments of biomolecule 

separation device. In these cases, how low concentration of these molecules can be handled 

in the nanoflidic device is more important rather than total amount of trapped biomolecules.  

People have wanted to define many phenomena in the world like electric, magnetic, 

and acoustic field. For fully understanding these phenomenon, it is important that scientists 

analyze the phenomenon in the basic ionic and molecular unit. This reason is one of the 

factors in the development of MEMS/NEMS techniques. The improvement of 

MEMS/NEMS skills also affects the advance of analyzing new phenomenon in the world. 

Specially, the ion concentration polarization in the nanochannel is one of the case 

mentioned above. 

Specially, by recent nanofluidic techniques, 1-100 uL of sample can be concentrated 

to the unit of nL-pL [17]. For the quantitative measurement of biomolecules and fully 

defining ICP phenomenon, researchers manage to analyze the nanofluidic device with 

analytical [18-24] and computational methods [25-34]. 
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Though these many research for analyzing and defining ICP phenomenon at the 

nanochannel in the nanofluidic device, the limitations of surface potential model and 

computational program. If more precise analysis can be possible, application with ICP 

phenomenon which is related to biomolecules detection or separation will be developed more 

and then, diagnosis for human being will succeed using nanofluidic device. 
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1.2 Hypotheses 

Over the past years, the efforts for analyzing ICP phenomenon have been 

accomplished by researchers. According to these studies, ICP phenomenon of nanofluidic 

devices are related to potential, channel size, channel modification, ion molarity, ion 

valence. When the external potential is very large, the phenomenon what large electric field 

makes the vortex like unstable flow in front of nanochannel is also become known [35-38]. 

Though still the ICP phenomenon is not fully defined in the nanochannel, many researchers 

concentrate to just result of ion transport in the nanofluidic device which has microchannel 

and nanochannel.  

At this point, the checking the one external force which is related to ion transport for 

ICP phenomenon is important. So, our group focused on the nanochannel analysis of ICP 

phenomenon with step by step: external potential; surface potential with EDL model; 

electroosmotic flow by electric field; ion transport with electrophoresis according to 

electric field and electroosmotic flow. Especially, we made a result using COMSOL 

Multiphysics which can show the visual graph with many coupled equations for generating 

ICP phenomenon. By comparison of boundary conditions for EDL model in the surface 

charged nanochannel, we try to generate ICP phenomenon similar with real world in the 

nanochannel. 

Also, some researchers ignored the influence of electroosmotic flow in the 

nanofluidic device for ICP phenomenon. In this aspect, due to large difference of scale 

between microchannel and nanochannel, small factors like electroosmotic flow in the 

microchannel can be huge effect at the nanochannel. And almost researchers who analyzed 

the ICP phenomenon with electroosmotic flow by COMSOL give surface boundary 
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condition for electroosmotic flow as just external potential and surface potential using 

Poisson equation. 

Hence, we made a computational result of ICP phenomenon with electroosmotic 

flow which is including the effect of electric field composed of combination of external 

potential and surface potential using EDL model, Gouy-Chapman equation. This modeling 

of computation result for ICP phenomenon in the nanochannel will be similar with real 

world. 
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1.3 Background Information 

1.3.1 Definition of ICP 

For defining ICP phenomenon, understanding Electrokinetics is necessary. The 

Electrokinetics, which is first used as a terminology in 1909 by Freundlich [39], means the 

fluid flow and particle motion by external electric field [17]. When the external electric field is 

generated in the capillary that is composed of charged surface, the bipolar fluid like water flows 

from the positive potential area to negative potential area. This phenomenon is called to 

electroosmosis. And particles movement in the external electric field is called to 

electrophoresis. The positively charged particles like cations move to cathode in the device by 

Coulomb force and the negatively charged particles go to anode on the other way. The 

combination of electroosmosis and electrophoresis in the capillary is that, Electrokinetics. 

The electroosmosis is generated in the narrow channel which has a surface charge. The 

eletroosmosis is first discovered by Reuss in 1808 using capillary [40], and then, in 1859, 

Quinke named electroosmosis phenomenon as a streaming potential which is proportional to 

external electric field [41]. Example for glass capillary is charged negatively by the O- part at 

the surface of glass. When the bipolar solution like water, H2O, is in the glass capillary and the 

external electric field is formed in the channel, the hydrogen in the water is attached to glass 

surface by Coulomb force. Again, the negative external potential draws the hydrogen attached 

to glass surface. In this way, the hydrogen move from the anodic to cathodic electrode. When 

the hydrogen ions which are one part of water at the glass surface is attracted to negatively 

charged electrode, the water inside the channel is dragged to same direction simultaneously. 

Due to shear stress of surface, the flow inside the capillary channel makes parabolic formation. 

However the Coulomb force from the glass surface to hydrogen of water compensates the low 

fluid flow at the surface. As a result, whole cross-section of water in the capillary channel flows 
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from Anodic area to cathodic area. This is the principle of electroosmotic flow. The 

electroosmosis is described to a schematic in Figure 1-1. The electroosmotic flow is generated 

by external potential and surface potential in the microchannel. Similarly, though 

electroosmosis is also generated in the charged nanoscale channel, the volume difference of 

micro and nanoscale channel makes another result in the ion transport aspect in the nanofluidic 

device. Just different scale of channel generates wholly different phenomenon of 

electroosmotic flow in the nanofluidic device. 

The ICP phenomenon is generated by both Electrokinetic and charged nanosized channel. 

When the electrolyte solution like NaCl is in the microchannel, the cation, Na+, goes to cathode 

and the anion, Cl-, moves to anode. Both of cations and anions are also affected by 

electroosmotic flow which is from the external potential and surface potential. In the cation 

aspect, electrophoresis and electroosmosis are same direction. Contrastively, anions are forced 

the opposite direction between electrophoresis and electroosmosis. Because the water flow to 

the direction from anode to cathode by electroosmosis.  

Also, in the negatively charged nanochannel, anion cannot pass through the nanochannel 

and just cation is allowed to go through the nanochannel because of nanoscale of channel. This 

phenomenon in the nanochannel is explained as a schematic in the Figure 1-2. This reason is 

why the distance of effect at the negatively charged surface. The effect of charge from the 

surface is called to Electro double layer (EDL) which is several nano-size. 
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Figure 1-1. Electroosmotic flow and Debye length in the large microchannel 

The electroosmotic flow is generated by external potential and surface potential in the 

microchannel. When the bipolar solution is in the microchannel which has negatively charged 

surface and the external electric field is exerted to the microchannel, the hydrogen in the water 

is attached to glass surface by Coulomb force. The negative external potential draws the 

hydrogen attached to glass surface. In this way, the hydrogen move from the anodic to cathodic 

electrode. And then, the water inside the channel is dragged to same direction simultaneously. 

There are fluid flow by electrophoresis and resistance from shear stress. So, the fluid rate of 

net flow is uniform inside the whole microchannel. The Debye length of surface is about 3 nm. 

This 3 nm value of Debye length is too small to influence inside whole channel. 
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Figure 1-2. Electroosmotic flow and Debye length in the large nanochannel 

Though the Electroosmotic flow in the nanochannel is similar with microchannel, the effect of 

shear stress is higher. The 3 nm value of Debye length can cover inside nanochannel. So almost 

cations can move through negatively charged nanochannel because the minus charge at the 

charged surface repulses anions. 
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The electro double layer (EDL) is expressed in the Figure 1-3. EDL distance is said about 

3 nm generally in the 10 mM electrolyte. EDL is not completely investigated, but following 

current studies [42-48], EDL is composed to two part: Stern-layer; Diffusional layer. And the 

distances from Stern-layer to Diffusional layer is called to Debye length in our world. EDL is 

first studied to Helmholtz layer at 1879 [49]. This Helmholtz model is roughly define the inner 

and outer layer of EDL. So after that, Gouy built the Gouy-Chapman theory which define the 

EDL to Stern-layer and Diffusional layer in 1910 [50]. Gouy defines the Stern-layer as an inner 

layer and Diffusional layer as an outer layer. Stern-layer can be explained to distance from the 

charged surface to half of the ion diameter. And he expressed the ‘Surface of shear’ is the 

distance till ion diameter. Last, Diffusional layer is from the ‘Surface of shear’ to the position 

which the zeta potential is same with surface zeta potential per Euler’s number. This Gouy-

Chapman model and the profile of zeta potential of EDL are drawn in the Figure 1-3. This 

Gouy-Chapman theory have used for analysis of surface potential generally until now.  

Hence, the ion transport in the nanofluidic device is happened by electrokinetics and EDL 

of negatively charged nanochannel. In the microchannel, electroosmotic flow is generated and 

in the negatively charged nanochannel, the cation selective passage is formed. Especially, as 

an ion aspect, in the anodic microchannel, cations are passed to cathodic side and anions are 

attracted to anode. So the depletion area is generated in front of nanochannel at the anodic side 

of microchannel. On the other hand, in the cathodic microchannel, cations come from the 

anodic side of microchannel through the nanochannel and anions come from the cathode to 

front of nanochannel by electrophoresis. The ion enrichment zone is generated in front of 

nanochannel in the cathodic area. Finally, ion depletion and enrichment zone is happened 

among both sides of nanochannel. This phenomenon is called to Ion concentration polarization 

(ICP) described in Figure 1-4. 
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Figure 1-3. The electro double layer (EDL) and the profile of zeta potential of EDL 

The electro double layer is composed to Stern-layer and diffuse layer. And the distances from 

Stern-layer to Diffusional layer is called to Debye length. Stern-layer can be explained to 

distance from the charged surface to half of the ion diameter. And he expressed the ‘Surface of 

shear’ is the distance till ion diameter. Last, Diffusional layer is from the ‘Surface of shear’ to 

the position which the zeta potential is same with surface zeta potential per Euler’s number. 

  



 11 

+

+

+

+

+ + ++ + ++ + + +
+

+
-
+
+-

-

+
+
+

- +
++ +-

+
+

+

+

+

-
-

-

Depletion
Zone

Enrichment Zone

Applying voltage

Cations Flux

Anions Flux

+ -

 

Figure 1-4. Ion concentration polarization in nanofluidic device 

Ion transport in the nanofluidic device is happened by electrokinetics and EDL of negatively 

charged nanochannel. In the anodic microchannel, cations are passed to cathodic side and 

anions are attracted to anode. So the depletion area is generated in front of nanochannel at the 

anodic side of microchannel. On the other hand, in the cathodic microchannel, cations come 

from the anodic side of microchannel through the nanochannel and anions come from the 

cathode to front of nanochannel by electrophoresis. The ion enrichment zone is generated in 

front of nanochannel in the cathodic area. 
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1.3.2 History of ICP 

The fact that bipolar solution like water can flow in the capillary slit by external potential 

is first found through Reuss in 1809 [40]. After that, actual electroosmotic flow is discovered 

to ‘streaming potential’ at that time by Quincke in 1859 [41]. By using these electroosmosis 

and electrophoresis in the capillary, Freundlich first used the terminology of ‘electrokinetics’ 

in 1922 [39]. After discovery of electrokinetics, ICP phenomenon start to be studied. Block et 

al. first analyzed the ICP phenomenon using commercial nanoporous membranes in 1966 [51]. 

After 3 years, Dukhin et al. adopted the Gouy-Chapman model for EDL to ICP phenomenon 

analysis in 1969 [52]. This study is the first time for using EDL model to ICP phenomenon. 

After the twenty-first century, the noble effect of instability in the ICP phenomenon is 

discovered by Rubinstein in 2008 [38]. He and his coworker introduced the electrokinetic 

instability in the nanofluidic device as an experiment using nanoporous membranes. 

Electrokinetic instability is happened if the large external potential is exerted in the nanofluidic 

device. The vortex like flow is generated when the external potential is ‘overlimiting mode’. 

Also, by the development of MEMS and fluorescent imaging technique, nanoscale channel can 

be fabricated from the twenty-first century. This improvement gives us the visualization of ICP 

phenomenon in the nanofluidic device as an experiment. Pu et al. showed the real depletion 

and enrichment zone of ICP phenomenon in the nanofluidic device using CCD camera in 2004 

[53]. This paper is the starting point that many applications using ICP phenomenon have 

introduced to our world. 

According to the development of analytic result, the computational researches have also 

studied. Kim et al. showed the computational result of ion concentration in the nanofluidic 

battery device using COMSOL from 2010 to 2013 [26, 27, 54]. They utilized the reverse effect 

of ICP phenomenon which can correct charges between both sides of nanochannel in the 
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nanofluidic device. Some researchers are focused on just ICP phenomenon [29, 30] and with 

Boltzmann distribution equation which is derived from Gouy-Chapman model [22-25]. 

As an application aspect of ICP phenomenon, ICP is first considered due to purpose of 

sea water demineralization. The effort for demineralization was divided to two methods: 

reverse-dialysis [13, 55-58]; electrodialysis [14, 51, 59, 60]. First, in the reverse-dialysis 

method, water and electrolyte channel are overlapped one by one. The water channel has a low 

pressure and electrolyte channel has a high pressure. So the water in the electrolyte channel 

flows by the high pressure to water channel through water permeable membrane which is 

between two channels. In this way, desalination can be conducted. Second is electrodialysis. 

This method is similar with current process for desalination in the nanofluidic device. Using 

both of cation and anion selective membrane and external potential, electrodialysis makes NaCl 

electrolyte solution to deionized water. Though the desalination is beginning application of ICP 

phenomenon, after the twenty-first century, many applications were introduced using ICP 

phenomenon: biomolecule separation/detection [61-65]; desalination [66]; nanochannel 

battery [26, 27]; nanofluidic device fabrication methods [67] (Silicon base [61, 68, 69], PDMS 

base [17], AAO membrane [70], Nafion membrane [16, 69], and Thermal plastic extension [71, 

72]).  

 

1.3.3 Applications of nanofluidic device using ICP phenomenon 

For several decades, application using the ICP phenomenon can be roughly classified to 

four parts: biomolecule separation/detection; desalination; nanochannel battery; nanofluidic 

device fabrication methods. ICP phenomenon can handle the ions inside of electrolyte. Equally, 

the charged particle in the device can be treated using ICP phenomenon.  
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Biomolecules have negatively charged surface in the solution [17]. We can control the 

biomolecule motion in the nanofluidic device same as anion. By the ICP effect, the depletion 

zone is generated in front of nanochannel at the anodic microchannel part. Because of loss of 

cations in the depletion zone, this area have been negative charged. So, though biomolecules 

in the microchannel move to nanochannel by electroosmotic flow, depletion area which is 

charged to minus has a role of barrier from the biomolecules. In this way, biomolecules can be 

trapped in front of depletion zone. This process is principle of biomolecule 

concentration/detection. The biomolecule concentration/detection application have been 

showed like many these studies [61-65]. To detect and separate the biomolecule like protein in 

micro-scale system, the proper particle preconcentration and separation are needed. For reliable 

microfluidic systems in biomolecule sensing, it is necessary that problem factors like 

conjugation time and efficiency in low concentration are guaranteed [73]. Nanochannel device 

can compensate these problem factors compared to conventional methods like chromatography. 

So nanochannel device is reliable and effective in biomolecule separation. Specially, in the low 

concentration of biomolecule, there are no means to get high effect without nanochannel device.  

Because of this fast and efficient advantages in low concentration of biomolecules, many 

researchers focus on electrokinetics field and introduce a lot of biomolecule separation 

applications: using mechanism of electrokinetic separation using nanochannel trapping device 

[17], chemical conjunction using polyprotic polymer brushes [74], isotachophoresis [75], 

isoelectric focusing [76], and structural filtration nanochannel using nanoporous membrane [77, 

78]. Though it may be thought that whole quantity of detected particle is issue in the 

electrokinetic device, in fact, how little concentration of particle in the bulk biomolecule can 

be separated is more significant. In this system, microfluidic device can separate low 

concentration of particle inside small volume (about nano-liter to pico-liter). This volume is 

very significant to microfluidic device system because micro-scale devices are appropriate for 



 15 

ideal analysis and mechanism in small volume. Another method of protein separation using 

pipetting can just handle micro-liter volume. So, microfluidic device system is proper for 

separation of biomolecules from dilute buffer compared to most other methods like pipetting 

technique. Electrokinetic device can be compared to traditional chemical method based device 

at the aspect of separating molecules research. Traditional chemical device requires too many 

preprocessing like chemical treatment and tagging/post processing. And this method requires 

more time for experiment than electrokinetic device. For example, about one day will be spent, 

just for tagging antibody with antigen. However, electrokinetic device only requires several 

minutes and also, this device doesn’t make the cogging state compared to filtering device by 

particle size. Electrokinetic device makes biomolecule separation faster and higher quality 

result. Electrokinetic device has other advantages for particle separation research. Because 

most biomolecules have specific charge, one advantage is electrokinetic device can separate 

and detect not only most of biomolecule but also, other charged particles like charged bead. 

And another crucial advantage is that electrokinetic device can collect and release desired 

particles without binding each other. (i.e, this device can separate biomolecules each other). 

These advantages allow an electrokinetic device to have high sensitivity of separation. 

The desalination is also an application of ICP phenomenon [66]. This application can be 

regard to continuous research of primary purpose of ICP phenomenon, demineralization. The 

difference of current method using ICP phenomenon compared with previous method using 

dialysis is mechanism for separating ions in the desalination device. Current method using ICP 

for desalination utilizes both electroosmotic flow and depletion area in front of nanochannel. 

The advantage of this method is that sea water using a sample can be wholly desalinated. The 

channel injected seawater by electroosmosis is divided to two pathway in front of depletion 

area. One channel allow only a solution which does not have ions and another channel pass the 
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remained solution which involves total ions. In this way, nanofluidic device can contribute the 

desalination of sea water in our world of water shortage. 

In the case of nanofluidic battery, a lot of papers have developed electrokinetic 

nanochannel device for battery and stated current and power of nanochannel battery device 

respectively [26, 27, 54, 79-87]. For example, DK Kim et al. have fabricated an electrokinetic 

nanochannel device for analyzing the relation of ion flux, concentration, potential and current 

in battery. They measured the power of device about 0.03 to 0.16 pW [26]. Lu et al. fabricated 

nanochannel device using nanoporous aluminum membrane and the device produce maximum 

power about 3.5 uW [81]. Hirofumi et al. have studied the efficiency of nanofluidic battery and 

that device made maximum output power about 3.9 uW [82]. Cao et al. researched relationship 

of charge selectivity and ionic composition using cone shaped nanochannel battery. They took 

result of maximum power about 22 pW [84]. JW Kim et al. set up the electrokinetic device 

with anodic alumina nanopores for analyzing battery’s current, potential, and power. Anodic 

alumina nanopores device can make maximum power about 18 uW [85]. BD Kang et al. 

conducted the analysis of integration slip effect using nanofluidic device for precise 

measurement of current, potential and power. With slip effect, efficiency of device decrease 

and device make maximum power about 1.93 uW [54]. 

And the last, fabrication of nanofluidic device with various method is hot issue in the ICP 

phenomenon application. The purpose of fabrication of nanofluidic device is for convenient, 

fast, expensive, and noble method. Silicon based method was introduced above. Although this 

method is generous for fabrication of nanochannel, time and cost consuming is large. Also, 

there are too many process to product one device. As these reasons, the PDMS based 

nanofluidic device are considered: reversible bonding [88]; irreversible bonding [89]; electrical 

breakdown [89]; micro-direct printing [90]; controlling air valve [91]; Nafion based 

nanomaterial membrane [16, 69]. However, these method have a critical problem which is not 
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correct nanochannel scale. Hence, recently, many researchers have chosen either silicon based 

device or PDMS device combined with Nafion membrane. Also, many research have found the 

noble methods for fabrication of nanofluidic device like AAO membrane based [70], and 

thermal plastic extension [71, 72]. AAO membrane has the nanosclae pores of fixed size. This 

method is relatively convenient and fast. And using thermal plastic extension, the nanofluidic 

device can be fabricated very easily. The limitation of nanochannel scale is the largest problem 

in plastic extension method. Though the micro-capillary is handier than the method or plastic 

extension, the important restriction is same with plastic extension method. Even now, the effort 

of fabrication of nanofluidic device is going on continuously. 
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2. MATERIALS AND METHODS 

2.1 Chapter Overview 

To comprehend ICP phenomenon visually, we need to analysis the ICP using COMSOL 

Multiphysics 4.3b. The purpose of this chapter is understanding each process for ICP 

phenomenon: external potential; surface potential or electro double layer (EDL); 

elelctroosmosis; ion transport in the nanofluidic device. Also, when ICP phenomenon is 

computed using the COMSOL, it is necessary to know which physics is utilized, the geometry 

and boundary condition of our device model. In each section of physics for computation, we 

need to understanding effect of field from specific physics which are utilized for generating 

ICP phenomenon.  
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2.2 Theory 

2.2.1 External potential 

The external potential is the basic physics for generating ICP phenomenon in the 

nanofluidic device. Both potentials of anodic and cathodic electrodes make electric field in the 

channel by Maxwell equation. This Maxwell equation can be presented to Poisson equation (1). 

 

𝛻2ϕ =
−ρv

𝜀0𝜀𝑟
             Poisson equation of external potential   (1) 

𝛻 ∙ 𝐷 = 𝜌𝑣,    𝐷 = 𝜀0𝜀𝑟𝐸,      

𝐸 = −𝛻ϕ              Electric field among two potential   (2) 

 

ϕ is external potential [V] and 𝛻ϕ is difference between two potential, electric field, 

𝐸 [V/m]. The electric field from the difference of potentials can be expressed to equation (2). 

𝜌𝑣, 𝐷, 𝜀0, 𝜀𝑟 are volume charge [C/m3], dielectric flux density [C/m2], permittivity [F/m = 

C/V], and relative constant respectively. 

 

2.2.2 Electro double layer (EDL model) 

The EDL is generated when the charged surface contacts with bipolar solution like water. 

The distance of effect of surface charge can be expressed to Debye length equation (3). Debye 

length is from the ‘Surface of shear’ to Diffusion layer (far point of EDL = 𝜓0/𝑒) which is 

expressed in Figure 1-3. This Debye length shows the value of 3 nm in the 10 mM electrolyte 

at the surface. Table 1 presents the different value of Debye length as electrolyte ion 

concentration (1, 10, 100, 1000 mM). 

 

𝜆𝐷 = (𝜀0𝜀𝑟𝑘𝐵𝑇/𝑒2𝑁 ∑ 𝑧𝑖
2𝑐𝑖

𝑛𝑢𝑚
𝑖=1 )1/2  Debye length equation   (3)  
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Ion concentration of electrolyte Debye length 

1 mM 9.4961 nm 

10 mM 3.0029 nm 

100 mM 0.94961 nm 

1 M 0.30029 nm 

Table 1. The Debye length at the charged surface following ion concentration of 

electrolyte 

The effect distance at charged surface is Debye length which is derived by equation (3). The 

Debye length is affected to ion concentration of electrolyte. The value of 10 mM as an ion 

concentration of electrolyte is adapted to our EDL model. So Debye length is about 3 nm in 

our EDL model. The Debye length has tendency of decreasing in the higher ion concentration 

of electrolyte. 
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When we discuss the performance of ICP phenomenon, Debye length is crucial factor of 

enhancing ICP. If Debye length is large, nanochannel’s specific ion permeability is enhanced. 

So, ion concentration polarization is larger between each sides of nanochannel. As shown in 

the Debye length equation (3), Boltzmann constant (𝑘𝐵 [J/K]), the variables are temperature 

(T [K]), element charge of electron ( 𝑒  [C]), ions valence of electrolyte ( 𝑧𝑖 ), and ions 

concentration of electrolyte (𝑐𝑖 [M = 1000 mol/m3]). The higher temperature and lower ion 

valence and concentration of electrolyte generates the higher performance of ICP phenomenon.  

This Debye length is utilized again to Zeta potential profile equation (4).  

 

ψ = Surface potential (ψ0) ∗ exp (−𝜅𝑥)       

     Zeta potential profile equation   (4) 

κ = 1/𝜆𝐷       Debye-Hückel approximation    (5) 

 

κ is called Debye-Hückel parameter and Debye-Hückel approximation (5) means one over 

Debye length. The zeta potential profile is sketched to Figure 1-3. The area from the charged 

surface to Stern layer shows the linear zeta potential decreasing. And the exponential 

decreasing can be confirmed in the area from the Stern layer to diffusional layer with zeta 

potential equation (4). 

At the aspect of ion concentration distribution by zeta potential profile, ion 

concentration can be explained to Boltzmann distribution equation (6) at the charged surface.  

 

𝑐𝑖 = 𝑐0 ∗ exp (−
𝑧𝑖𝑒𝜓

𝑘𝐵𝑇
)   Boltzmann distribution equation   (6) 
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Boltzmann distribution equation means the existing potential of ions around charged surface 

as distance from the surface. 𝑐𝑖 is the concentration of ion which is near the surface and 𝑐0 

is the concentration of ion which is infinitely far from the surface. So ion concentration 

decreases exponentially as the distance from the charged surface. This profile of ion 

concentration distribution from the surface is similar with zeta potential profile.  

Using Boltzmann distribution equation, we can couple the ion distribution to electric 

field by Maxwell equation. If charge density equation (7) and Poisson equation of surface 

potential (8) are coupled, we can make the Poisson-Boltzmann equation (9). 

 

ρ = ∑ 𝑧𝑖𝑒 𝑐𝑖 = ∑ 𝑧𝑖𝑒 𝑐0 ∗ 𝑒𝑥 𝑝 (−
𝑧𝑖𝑒𝜓

𝑘𝐵𝑇
)   Charge density equation   (8) 

𝛻2𝜓 =
−ρ

𝜀0𝜀𝑟
        Poisson equation of surface potential   (7) 

𝛻2𝜓 =
−1

𝜀0𝜀𝑟
∗ ∑ 𝑧𝑖𝑒 𝑐0 ∗ 𝑒𝑥 𝑝 (−

𝑧𝑖𝑒𝜓

𝑘𝐵𝑇
)   Poisson – Boltzmann equation (9) 

 

The zeta potential profile equation (4) is derived from the Poisson – Boltzmann equation (9). 

 

2.2.3 Electroosmosis by external and surface potential 

As we mentioned, the electroosmotic flow happens by external potential by electrode and 

a negatively charged narrow channel. When the external voltage is applied to the whole channel 

in the nanofluidic device, the electrolyte solution flows from the anode to the cathode. Because 

hydrogen of water molecule and cations at the negatively charged surface are attracted to 

cathode. This fluid flow can be presented by the Navier-stokes equation as in equation (10).  

 

ρ (
dU

dt
+ 𝑈 ∙ ∇𝑈) = ρb − ∇p + η(

1

3
∇(∇ ∙ U) + ∇2U) + ρe∇(ψ + ϕ)   
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Navier-stokes equation (Fluid flow)   (10) 

 

∂ρ

∂t
+ ∇ρU =  0,    ρ ≠ ρ(t): steady − state (constant)  

𝛻 ∙ U = 0   Continuity equation (Incompressible fluid condition)    (11) 

 

ρ, η, and ρe are the density of the electrolyte solution, the viscosity of the electrolyte 

solution, and charge density in the electrolyte solution, respectively. The fluid flow velocity, U, 

can be explained as the summation of the fluidic and electric field by the Navier-stokes 

equation which is composed of net acceleration (
dU

dt
), convective force (𝑈 ∙ ∇𝑈), gravity force 

(ρb), pressure force (∇p), viscous force (η(
1

3
∇(∇ ∙ U) + ∇2U)), and electrical force (ρe∇(ψ +

ϕ)). The convective force is zero because of low Reynolds number in the nanochannel. Also, 

gravity force is ignored and pressure is not forced to any fluid in the channel of device. Finally, 

the fluid flow is regarded as incompressible flow like Continuity equation (11). As a result, the 

simplified equation can be adapted to fluid flow in the ICP device like equation (12). 

 

ρ
dU

dt
= η∇2U + ρe∇(ψ + ϕ)  Navier-stokes equation (Simplified)   (12) 

0 = η∇2U + ρe∇(ψ + ϕ)    Stationary study (t = constant) 

 

The simplified equation (12) can be expressed to two parts. The flow of fluid which has 

viscosity is one part. Another flow is induced by external potential (ϕ) and surface potential 

(ψ) which attract positive part of H2O by Coulomb force. The Poisson equation of summation 

of external and surface potential can be coupled with the Navier-stokes equation as a form of 

potential.  
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2.2.4 Ion transport by electric field and electroosmotic flow 

Ion transport in the external potential can be expressed to Nernst-Plank equation (13). 

This equation is related to ion flux. Ion transport is happened by two force: diffusion by 

difference of concentration and drift by difference of potential. 

 

𝜕𝑐𝑖

𝜕𝑡
= ∇ ⋅ (𝐷𝑖∇𝑐𝑖 + 𝑧𝑖𝜇𝑐𝑖∇(ψ + ϕ) − U𝑐𝑖)  

Nernst-Planck equation (Ion concentration)   (13) 

𝐽 (𝑖𝑜𝑛 𝑓𝑙𝑢𝑥) = −𝐷𝑖𝛻𝑐𝑖 − 𝑧𝑖𝜇𝑐𝑖𝛻(ψ + ϕ) + U𝑐𝑖          Ion flux equation   (14) 

 

𝐷𝑖 , 𝜇, 𝑐𝑖,  and 𝑧𝑖  are diffusivity, mobility, ion concentration, and ion valence of 

electrolyte respectively. Especially, 𝐷 is defined to kT𝜇/𝑒 by the Einstein relationship like 

equation (9).  

 

𝐷𝑖 = kT𝜇/𝑒    Einstein relationship   (15) 

 

For generating ion concentration polarization, the Nernst-Planck equation should be coupled 

with the Poisson equation of external and surface potential which is a representation of the 

negatively charged nanochannel effect (EDL) and Navier-stokes equation which is a expression 

of electroosmotic flow by electric field in the channel. 

  



 25 

2.3 Analysis of ICP phenomenon in the nanofluidic device using COMSOL 

Multiphysics 

2.3.1 Geometry 

Because of purpose for defining ICP phenomenon in the nanochannel, we have focused 

on nanochannel in the nanofluidic device. For representing the 3D channel, nanochannel is 

drawn as a 2D rectangular and symmetrically rotated 180˚ with longitudinal axis. And the 

Debye length is around 3 nm in the 10 mM NaCl electrolyte shown in Table 1. So, we divided 

radius of nanochannel into 5 and 50 nm for confirming the overlapped EDL effect in the 

channel. As a result, our nanochannel models for ICP phenomenon have a geometry of 10 and 

50 nm radius and 100 nm length respectively. In our ICP model, the 50 nm surface at the center 

of nanochannel is marked by the other square for boundary condition of surface potential. And 

also, we cut the 2D section as longitudinal and transversal directions in nanochannel due to 

show result graph of electric potential and ion concentration. We uniformly divided the 2D 

section to five and three area in longitudinal and transversal directions respectively. In the 

longitudinal line, the red, green, and blue lines are expressed in the graph from the nanochannel 

surface respectively. The blue line draws the result graph of nanochannel center in the 

longitudinal line. Also, the red line draws the result graph of nanochannel surface in the 

longitudinal line. And in the transversal line, the magenta, cyan, red, green, and blue lines are 

presented in the graph from the anodic side of nanochannel. Our model geometry is sketched 

as a schematic in Figure 2-1. 
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Figure 2-1. The overall geometry of 50 nm and 5 nm nanochannels 

There is the geometry of 50 nm and 5 nm nanochannels. Basically, the height of nanochannel 

is 100 nm and there is a coordination of r and z axis. The rectangular of nanochannel is rotated 

symmetrically with z-axis about 180 degree. For confirming simulation result, we have 

longitudinal and transversal lines in the nanochannel section to five and three area which is 

divided uniformly. 
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2.3.2 External potential (Electrostatic physics) 

In the electrostatic physics of COMSOL Multiphysics, Poisson equation from Maxwell 

equation is utilized like equation (1). To make an electric field by electric potential, we used 

the Electrostatic physics. And we gave boundary condition at the each sides of nanochannel 

model to ±20 mV as an external potential. Using the Maxwell equation, the electric field is 

made to linear function following longitudinal axis. The boundary condition of external 

potential is presented in Figure 2-2. 

 

2.3.3 Surface potential using potential boundary condition (Electrostatic physics) 

We assumed the material of nanochannel is PDMS (Polydimethylsiloxane) which has the 

surface potential of -40 mV [92]. The surface boundary of nanochannel is applied to -40 mV 

at the nanochannels which have the radius of 50 nm and 5 nm. When our ICP model is 

computed in the Electrostatic physics, the surface potential value of -40 mV is coupled with 

external potential (±20 mV) using the Maxwell equation. The surface potential boundary 

condition is presented in Figure 2-3. 
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R=50 nm R=5 nm

180º 180º 

 

 

Figure 2-2. The boundary condition for expression of external potential in the 

Electrostatic physics 

The external field in our ICP model is applied to both end sides of nanochannel. The +20 mV 

of potential is exerted to anode which is located to upper side of nanochannel. On the other 

hand, the -20 mV of potential is adapted to cathode which is located to lower side of 

nanochannel. 
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Figure 2-3. The boundary condition of surface potential as an expression of 

negatively charged surface in the Electrostatic physics 

The expression of negatively charged surface is accomplished by the boundary condition of 

potential in the Electrostatic physics. The -40 mV of potential is applied to surface boundary 

which is presented to red line. 
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2.3.4 Surface potential using surface charge density boundary condition (Electrostatic 

physics) 

Some researchers who simulated the ICP phenomenon using COMSOL took a method 

for giving boundary condition of negatively charged surface effect as a surface charge density 

[26, 27]. Also, in the COMSOL homepage, they presented the method using surface charge 

density as an analysis of ICP phenomenon with EDL model [93]. They explained the effect of 

surface charge density is similar with EDL model. However, in the nanochannel, the effect 

difference between surface charge density and EDL model is obvious.  

We found the values of surface charge density to fit -40 mV of the surface potential in 

two geometry of nanochannels. The values of -5.8e-4 C/m2 and -0.753e-4 C/m2 are the surface 

charge density boundary condition in 50 nm and 5 nm nanochannel respectively. The schematic 

for surface charge density boundary condition is shown in Figure 2-4. 

 

2.3.5 Surface potential using EDL model (User made physics) 

This boundary condition is our hypothesis in this paper. We gave a boundary condition 

at the surface of nanochannel as an EDL model directly. We made an exponential function for 

EDL profile from Gouy-Chapman model at the surface of nanochannel. When this EDL model 

is computed, the external potential from Maxwell equation and EDL model from Gouy-

Chapman model are combined. Our EDL model boundary condition is expressed in Figure 2-

5. 
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Figure 2-4. The boundary condition of Surface charge density as an expression of 

negatively charged surface in the Electrostatic physics 

The expression of negatively charged surface is accomplished by the boundary condition of 

surface charge density in the Electrostatic physics. For applying -40 mV of potential at the 

surface, we give the boundary condition as a surface charge density of -5.8e-4 C/m2 and -

0.753e-4 C/m2 in the 50 nm and 5 nm nanochannel respectively. The surface charge density 

values of -5.8e-4 C/m2 and -0.753e-4 C/m2 are computed result for expression of -40 mV 

potential at the surface in 50nm and 5 nm nanochannel geometry. 
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EDL model   

Ψ = Ψ0 * exp(-κx)

Ψ0 = -40 mV 

EDL model   

Ψ = Ψ0 * exp(-κx)

Ψ0 = -40 mV 

Longitudinal line Longitudinal line

Transversal line

R=50 nm R=5 nm

180º 180º 

Function in COMSOL   

Ψ = Ψ0 * exp(-κ*(50 nm-r))*stepF

Function in COMSOL   

Ψ = Ψ0 * exp(-κ*(5 nm-r))*stepF

stepF = 1         (25 nm < z-axis < 75 nm)

0                 (Otherwise)  

 

Figure 2-5. The boundary condition of EDL model as an expression of negatively 

charged surface in the Electrostatic physics 

The expression of negatively charged surface is accomplished by the boundary condition of 

EDL model in the Electrostatic physics. The exponential function which is from -40 mV at the 

surface to 0 V at the inner nanochannel is applied to surface boundary which is presented to 

red line. 
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2.3.6 Electroosmosis (Laminar flow physics) 

To show the electroosmosis phenomenon in our model, we coupled the Laminar flow and 

Electrostatic physics in COMSOL simulation. In the Laminar flow physics, there is a boundary 

condition for electroosmotic velocity. This condition make the wall of nanochannel to generate 

slip condition with equation from Helmholtz model. The govern equation is U = 𝜇𝑒𝑜E. 𝜇𝑒𝑜 

is electroosmotic mobility which is composed to surface potential (ψ) and relative permittivity 

(ε𝑟), 𝜇𝑒𝑜 =
ψ∗ε0∗ε𝑟

𝜇
. So, we need to decide the three parameters for electroosmotic flow in the 

nanochannel: electric field (E), surface potential (ψ), and relative permittivity (ε𝑟).  

The electric field is different as the different methods of expressing surface effect in the 

Electrostatic physics. Expressions of surface potential, surface charge density, and EDL model 

make different results of electroosmotic flow. 

The second parameter for electroosmotic flow, surface potential (ψ), is fixed by the 

PDMS material characteristics. As mentioned above, the PDMS surface make a surface 

potential value of -40 mV. 

The relative permittivity (ε𝑟) is similar with the case of surface potential (ψ). We choose 

the electrolyte in the nanochannel as 10 mM NaCl solution. In the case of 10 mM NaCl 

electrolyte, the relative permittivity (ε𝑟) is 80. The relative permittivity value of 80 is the 

characteristics of NaCl electrolyte. 

As we mentioned in the theory part, our ICP model assume that the fluid in the 

nanochannel has continuity, in that, incompressible fluid. Also in the ICP modeling, we set the 

incompressible flow in the Laminar flow physics.  

These boundary conditions and assumption are presented in Figure 2-6. 
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Figure 2-6. The boundary condition of electroosmotic flow in the Laminar flow 

physics 

For generating electroosmotic flow in the nanochannel, the electroosmotic slip condition is set 

to nanochannel surface like red line. The electroosmotic slip condition is composed of electric 

field in the nanochannel and surface potential at the nanochannel surface. So, electric potential 

is exerted from each case model and surface potential is inserted to red line with value of -40 

mV. Also, the relative permittivity is 80 from the characteristic of NaCl electrolyte. 
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2.3.7 Ion transport through nanochannel (Transport of diluted species physics) 

Cations and anions in the electrolyte, NaCl, pass through the nanochannel by Coulomb 

force from cathode and anode. However, just almost cations go through nanochannel because 

of negatively charged surface. This effects generate the ion concentration polarization. The 

external/surface potential are mentioned previous section. For expressing the ion transport, 

Transport of diluted species physics is utilized. This Transport of diluted species physics 

contains the Nernst-Planck equation which has ion transport part by diffusion, electric field, 

and fluid flow from electroosmosis. Using Nernst-Planck equation, the results of electric field 

and electroosmosis can affect to ion concentration in the nanochannel.  

For computation of Nernst-Planck equation in the Transport of diluted species physics, 

there are some parameters like diffusion coefficient and charge number of each ions. In our 

ICP model, as an electrolyte, NaCl solution of 10 mM are in the whole nanochannel domain. 

So, we need to know the parameters for computation: diffusion coefficient and charge number 

of Na and Cl ion. The diffusion coefficients are 2.0e-9 m2/s and 1.4e-9 m2/s for Na and Cl ion 

respectively. Also, ion valences are +1 and -1 for Na and Cl ion respectively. These boundary 

conditions and parameters are stated in Figure 2-7.  

As a result, the coupling the external/surface potential and ion transport in the electrolyte 

generates ICP phenomenon. Following the methods of expressing nanochannel surface effect, 

ICP phenomenon will be different. 
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<Nanochannel Domain> 

Electric field (E) : External potential+ 

                               1. Surface potential 2. Surface charge density 3. EDL model   

Electroosmosis velocity (U) from Laminar flow physics 

Diffusion coefficient (D) : Na 2e-9 m2/s,     Cl 1.4e-9 m2/s

Ion valence (Z) : Na +1,      Cl -1

Ion concentration = Diffusion by concentration + 

                                        Electrophoresis by electric field + Electroosmotic flow

10 mM NaCl electrolyte : 

Na, Cl    10 mM

10 mM NaCl electrolyte : 

Na, Cl    10 mM

 

 

 

Figure 2-7. The boundary condition of ion concentration in the Transport of 

diluted species physics 

The ion concentration is generated by electrophoresis, diffusion, and electroosmosis. So we 

applied the electric field and fluid velocity from Electrostatic and Laminar flow physics results 
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respectively. The 10 mM of Na and Cl concentration is set to boundary presented to red line. 

And we insert the diffusion coefficient value of 2.0e-9 m2/s and 1.4e-9 m2/s as ions 

characteristics of Na and Cl ion respectively. Also, +1 and -1 is inserted to Na and Cl ion 

valence which is the number of peripheral electron. 
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3. RESULTS AND DISCUSSION 

3.1 Potential in the nanochannel 

The charged ions like Na+ or Cl- in the nanofluidic device is largely affected to electric 

field by potential of electrode and surface charge in the nanochannel. To confirm the difference 

of electrical effect between boundary of surface potential, surface charge density, and EDL 

model, we showed the result of simulation with Electrostatic physics in the nanochannel. And 

also, we assumed the external potential to +20 mV and -20 mV in anode and cathode 

respectively and the surface potential to -40 mV as surface characteristic of PDMS material. 

  

3.1.1 External potential 

For expression of external potential in the nanochannel, the boundary condition is shown 

in the chapter 2.3.2. The result of electric field by external potential is shown in Figure 3-1. 

The 2D and 3D schematics are presented and also 50 nm radius and 5 nm radius of nanochannel 

are shown in the Figure 3-1. When we draw the potential profile with transversal and 

longitudinal lines in the nanochannel, there are linear function of potential graph from +20 mV 

to -20 mV. In the longitudinal line, the red, green, and blue lines are expressed in the graph 

from the nanochannel surface respectively. The blue line draws the result graph of nanochannel 

center in the longitudinal line. Also, the red line draws the result graph of nanochannel surface 

in the longitudinal line. And in the transversal line, the magenta, cyan, red, green, and blue 

lines are presented in the graph from the anodic side of nanochannel. 
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(d) Potential profile of longitudinal line 
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Figure 3-1. External potential profile in the 50 nm and 5 nm nanochannel 

The result of external potential in the Electrostatic physics. (a), (b) are present the external 

potential in 2D and 3D nanochannel of 50 nm and 5 nm nanochannel respectively. (c) shows 

the external potential profile of longitudinal  line at the center of nanochannel. 
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3.1.2 Surface potential 

To give the effect of surface potential in the nanochannel surface, the boundary condition 

is set like chapter 2.3.3. The ±20 mV and -40 mV of potential is exerted to external potential 

and center of nanochannel surface respectively. The results of surface potential effect in the 50 

nm and 5 nm radius of nanochannel are shown in Figure 3-2. In the 2D and 3D potential profile 

of 50 nm and 5 nm nanochannel, the maximum and minimum potential are +20 mV and -40 

mV respectively. The 2D graph of potential shows the commonly normalized color profile from 

20 mV to -50 mV. In the longitudinal line, the red, green, and blue lines are expressed in the 

graph from the nanochannel surface respectively. The blue line draws the result graph of 

nanochannel center in the longitudinal line. Also, the red line draws the result graph of 

nanochannel surface in the longitudinal line. And in the transversal line, the magenta, cyan, red, 

green, and blue lines are presented in the graph from the anodic side of nanochannel. In the 

transversal line graph of 50 nm and 5 nm nanochannel, we can confirm the smaller channel 

effect. The potential increasing with parabolic shape from the nanochannel surface to inner 

area of nanochannel can be presented. But at the 5 nm radius of nanochannel case, there is a 

little potential changes from – 40 mV value of potential to -36 mV in the transversal line profile. 

In the potential profile of longitudinal line, the similar each other in the cases of large and small 

nanochannel. The effect of small channel, the high potential can be confirmed in the radius of 

50 nm nanochannel compared to 5 nm nanochannel.  
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Figure 3-2. Potential profile with surface potential in the 50 nm and 5 nm 

nanochannel 

(a) 50 nm radius of nanochannel (b) 5 nm radius of nanochannel 

(c) Potential profile of transversal line 

(d) Potential profile of longitudinal line 
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The potential profile with surface potential case. (a), (b) are present the potential result of 

surface potential case in 2D and 3D nanochannel of 50 nm and 5 nm nanochannel respectively. 

(c) shows the potential result of surface potential case of longitudinal  line at the center of 

nanochannel in the 50 nm and 5 nm nanochannel. (d) also presents the potential result of surface 

potential case of transversal line at the center of nanochannel in the 50 nm and 5 nm 

nanochannel. 
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3.1.3 Surface charge density 

We simulated the ICP phenomenon with the expression of negatively charged 

nanochannel surface as a surface charge density. The results 2D and 3D profile which are 

normalized from 20 mV to -50 mV are shown in Figure 3-3. The maximum and minimum 

values of 2D graph are 20 mV and -42 mV which are similar with the result in case of surface 

potential. Also, in the potential profile of transversal and longitudinal line, the graph of 

potential is similar with surface potential case. The potential increasing from the nanochannel 

surface is presented from -40 mV to -23 mV in the 50 nm radius nanochannel. And in the 

longitudinal line of 5 nm nanochannel, though the parabolic graph is presented, there is no 

voltage change of potential. In the longitudinal line result, the potential values of 50 nm, 5 nm 

nanochannel are observed. Also, because of effect of small channel, there are no changes in the 

potential value of 5 nm nanochannel near the negatively charged surface.  
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Figure 3-3. Potential profile with surface potential in the 50 nm and 5 nm 

nanochannel 

(a) 50 nm radius of nanochannel (b) 5 nm radius of nanochannel 

(c) Potential profile of transversal line 

(d) Potential profile of longitudinal line 
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The potential profile with surface charge density case. (a), (b) are present the potential result 

of surface charge density case in 2D and 3D nanochannel of 50 nm and 5 nm nanochannel 

respectively. (c) shows the potential result of surface charge density case of longitudinal  line 

at the center of nanochannel in the 50 nm and 5 nm nanochannel. (d) also presents the potential 

result of surface charge density case of transversal line at the center of nanochannel in the 50 

nm and 5 nm nanochannel. 
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3.1.4 EDL model 

The EDL model is the exponential profile which is made by our equation. The boundary 

condition for expression of EDL potential profile is explained in the chapter 2.3.5. Because of 

exponential profile of nanochannel surface potential rather than parabolic shape, the 2D and 

3D results of electric field by potential gradient are obviously different to both cases of surface 

potential and surface charge density. These result of electric field with EDL model can be 

shown in Figure 3-4. The potential in the 2D and 3D EDL model is from 20 mV to -50 mV in 

the nanochannel. The minus value of potential, -50 mV is more low value than the case of 

surface potential and surface charge density. In the potential profile of transversal line, the 

expotential potential increasing from the negatively charged surface is certain. Though the zero 

potential is mostly occupied inside the 50 nm nanochannel, negative potential is generous in 

the 5 nm nanochannel because Debye length is about 3 nm from the surface in EDL model. So, 

at the around 3 nm from the surface, zeta potential is set by the Gouy-Chapman model. In this 

way, at the potential profile of longitudinal line, there is a just linear function by external 

potential in the 50 nm nanochannel case because of no surface potential effect at the center of 

nanochannel. On the other hand, in the small 5 nm nanochannel, we can confirm the surface 

potential effect by summation of EDL potential in the potential profile of longitudinal line. 
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Figure 3-4. Potential profile with surface potential in the 50 nm and 5 nm 

nanochannel 

(a) 50 nm radius of nanochannel (b) 5 nm radius of nanochannel 

(c) Potential profile of transversal line 

(d) Potential profile of longitudinal line 
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The potential profile with EDL model case. (a), (b) are present the potential result of EDL 

model case in 2D and 3D nanochannel of 50 nm and 5 nm nanochannel respectively. (c) shows 

the potential result of EDL model case of longitudinal line at the center of nanochannel in the 

50 nm and 5 nm nanochannel. (d) also presents the potential result of EDL model case of 

transversal line at the center of nanochannel in the 50 nm and 5 nm nanochannel. 
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3.2 Electroosmotic flow in the nanochannel 

As mentioned above chapter 2.2.3, electroosmotic flow is generated by external potential 

and surface potential. The result value of electroosmotic flow is too small to ignore the flow 

effect for analysis of ICP phenomenon in the microchannel. However it is quietly different to 

analyze ICP phenomenon in nanochannel because of the channel scale and volume. 

When the analysis of electroosmosis is computed by simulation, it is important to involve 

the surface potential effect in the whole electric field in the nanochannel rather than electric 

field by jus external potential. We try to generate electroosmosis by electric field which has 

effect of surface potential using EDL model. The overall boundary condition for making 

electroosmotic flow in the section of 2.3.6. The result of electroosmosis can be confirm the two 

parameter, velocity and pressure by electroosmotic flow. 
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3.2.1 Velocity of electroosmotic flow 

When we consult the boundary condition, the electroosmotic flow is generated by electric 

field which has an effect of negatively charged surface. As the electric field we discussed in 

chapter 3.1, the flow velocity and direction are changed like Figure 3-5 and 3-6. The Figure 3 

-5 presents the electroosmotic flow result in the 50 nm radius nanochannel and the Figure 3 (f) 

expresses result in the 5 nm radius nanochannel. 

The velocity of electroomotic flow presents 1.12 cm/s in the case of external potential. 

The same flow rate can be confirmed in the whole cross-section because electrophoretic force 

compensates shear force at the nanochannel surface. And in the other case of electroosmotic 

flow analysis, we normalized color profile from 7 cm/s to 0 cm/s. 

At the cases of surface potential and surface charge density, the similar electroosmotic 

flow is presented. The value of overall flow, 4-1 cm/s in the nanochannel is generated. The 

maximum value of flow can be confirm at the entrance of negatively charged nanochannel. 

Specially, much larger flow rate, 36.51 cm/s, is observed in the surface potential case than 7.72 

cm/s in the surface charge density case. 

In the case of EDL model, the velocity of electroosmosis is similar with surface charge 

density case. However, the direction of flow is similar with external potential case because of 

the short Debye length (~3 nm) of EDL model. Overall fluid in the nanochannel flow from 

direction of anode to cathode. These difference is from the different electric field by expression 

of nanochannel surface potential. 

The 5 nm nanochannel case is different to 50 nm nanochannel because of its shallower 

channel diameter which has the larger effect of shear force in the nanochannel. Because of this 

shear force, the flow velocity is slightly decreased like in Figure 3-6. 
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(b) Surface potential case 

(a) External potential case 
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(d) EDL model case 

(c) Surface charge density case 
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(e) External potential case (f) Surface potential case 

(g) Surface charge density case (h) EDL model case 
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Figure 3-6. Velocity by electroosmosis in the 50 nm and 5 nm nanochannel 

The result of electroosmotic flow by the external and surface potential in the 50 nm and 5 nm 

nanochannel. The color presents the fluid velocity at the nanochannel domain in 2D and 3D 

field. The arrow length expresses the electroosmotic flow velocity at the point of nanochannel. 

(a), (b), (c), (d) shows the electroosmotic velocity field in the 2D and 3D of 50 nm nanochannel 

as four electric field cases respectively (external potential, surface potential, surface charge 

density, and EDL model). Also, (e), (f), (g), (h) shows the electroosmotic velocity field in the 

2D and 3D of 5 nm nanochannel as four electric field cases respectively (external potential, 

surface potential, surface charge density, and EDL model). 
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3.2.2 Pressure in the nanochannel 

The pressure is affected by fluid flow in the channel. Following the boundary condition 

in the wall of Laminar flow physics, external pressure is set to atmosphere (1.01*105 Pa). The 

result of pressure in the nanochannel is shown in the Figure 3-7. In the external potential, the 

atmosphere pressure in the nanochannel is maintained because the fluid flows in whole cross-

section steadily. In the other case, pressure profile is relative to velocity result. The area which 

fluid flows with high rate makes the high pressure. And the areas of fluid inflow and outflow 

make the higher (red area) and lower (blue area) pressure than atmosphere respectively. In the 

almost areas of naochannel, there are atmosphere pressure (green area). 
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(a) External potential case 

(c) Surface charge density case (d) EDL model case 

(b) Surface potential case 
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Figure 3-7. Velocity by electroosmosis in the 50 nm and 5 nm nanochannel 

The pressure field by electroosmotic flow in 50 nm and 5 nm naochannel. (a) is the pressure 

field at the external potential case. The uniform value is in the nanochannel because of uniform 

fluid flow at the external potential case. (b), (c), (d) are pressure field about the surface potential, 

surface charge density, and EDL cases. The high pressure means the inflow of fluid in the 

nanochannel. On the other hand, the low pressure means the outflow of fluid in the nanochnnel. 

Generally, higher pressure in nanochannel can be observed at the 5 nm nanochannel compared 

to 50 nm nanochannel.   
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3.3 Ion transport 

The ion transport follows the Nernst-Plank equation which is composed of 

electrophoretic, diffusional, and convective ion flux. The summation of these three ion fluxes 

generates ion concentration in the nanochannel.  

The electrophoretic flux is generated by external and surface potential. The charged ion 

is attracted to area which has counter charge. And diffusional flux is related to ion concentration. 

The diffusion is the characteristic of dispersion. So if the ion concentration is formed in the 

nanochannel, the opposite flux called to diffusional flux is generated. In our ICP model, 

diffusional flux is usually happened to reverse direction of electrophoretic flux because the 

electrophoretic flux is the strongest flux in the ICP analysis in the nanochannel. Last, the 

convective flux is generated by the electroosmotic flow. The ions in the nanochannel is affected 

by electroosmosis and transport flowing the elctroosmotic flow.These three physics are the key 

factors for ICP simulation in the nanochannel model. 

The fluxes of ions like Na and Cl in the NaCl electrolyte are different each other because 

the Na and Cl ion has obviously opposite surface charge. So, we will study Na and Cl ion flux 

in this chapter following electrophoresis, diffusion, and convection. 

  



 60 

3.3.1 Na flux by electrophoresis, diffusion, and convection (electroosmotic effect) 

The Na ions are transported by electrophoresis, diffusion, and convection. We can 

confirm the direction and magnitude of fluxes derived by each three force in Figure 4-1. It is 

important to observe the difference of Na ion flux as different surface potential expression: no 

potential; surface potential; surface charge density; and EDL model. In the each case in Figure 

4-1, there are orderly four 2D graph of nanochannel: Total; electrophoretic; diffusional; and 

convectional flux. And the 2D graph is normalized the value of Na flux from 3 to 0 mol/m2s in 

the nanochannel for convenient comparison each case. 

In the 50 nm nanochannel case of external potential which has no surface potential, the 

total Na ion flux flows from anode to cathode with flow rate value of 0.429 mol/m2s. The Na 

ion flow is uniform at the cross-sectional area. This total flux is composed of electrophoresis, 

diffusion, and convection. The electrophoretic flux and convective flux also flow from anode 

to cathode with flow rate of 0.3169 and 0.1123 mol/m2s respectively. On the other hand, the 

diffusional flux is near zero because the Na ion concentration is not happened in the external 

potential case.  

Second, in the surface potential case of 50 nm nanochannel, the surface potential largely 

affect to ion flux compared to external potential case. The maximum total flux in the 

nanochannel is 99.658 mol/m2s which is relatively very large value. The most Na ions flow 

from anode to cathode in the nanochannel. The maximum Na ion flux is happened at the area, 

the entrance of surface which has negative potential. The electrophoretic and diffusional fluxes 

have the maximum value of 159.63 and 75.081 mol/m2s at the same area in the nanochannel. 

Because the electrophoretic flux is the strongest factor for Na ion concentration in the 

nanochannel, the diffusional flux’s direction is to the direction of large electrophoretic flux 

gradient. The convective flux which has maximum value of 18.934 mol/m2s is Na ion 
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transportation from the electroosmotic flow. So, Na transport direction is same with the 

electroosmosis.  

Third, at the surface charge density case of 50 nm nanochannel, the all Na ion fluxes are 

similar with the surface potential case. The Na ions flow to negatively charged surface and 

cathode in the whole nanochannel. On the other hand, the maximum magnitude of Na ion flux 

is considerably different with surface potential case. The maximum values of total, 

electrophoretic, diffusional, and convective flux are 2.892, 4.7572, 4.6125, and 1.6186 mol/m2s. 

The surface potential case generates much more flux at the some point area than surface charge 

density case in the nanochannel. This phenomenon is why Na flux is concentrated to the point 

of negatively charged surface in the surface potential case but, to the whole area of negatively 

charged surface in the surface potential case. 

Fourth, in the EDL model case, Na ion fluxes are quite different with other case because 

of different electric field in the nanochannel. The large amount of Na ion flows to negatively 

charged surface because of huge gradient electrical potential at the surface. Though overall Na 

ions are transported from anode to cathode, many Na ion move to nanochannel surface fast. 

The maximum value of total, electrophoretic, diffusional, and convective flux are 1228.8, 1254, 

117.77, and 1.8135 mol/m2s. Though the maximum value of Na ion total flux is 10 times to 

surface potential, the Na ion total flux value in the whole nanochannel is similar with surface 

potential and surface charge density cases. The direction of total flux in the EDL model case is 

similar with external potential case. The Na ions in the cross-section area are transported from 

anode to cathode uniformly except for area near the negatively charged surface. 

In the 5 nm radius of nanochannel, the Na ion flux is little different. Like in the 

electroosmotic flow, the shear force is noticeable due to shallower nanochannel compared to 

50 nm radius of nanochannel. So, the Na flux which flows along the surface wall decreased. 



 62 

However, in the external potential case, all magnitude and direction of Na flux are same with 

the case of 50 nm nanochannel case because there is no surface potential effect.  

In the case of surface potential, the maximum value of total, electrophoretic, diffusional, 

and convective flux are 142.33, 238.48, 118.33, and 28.118 mol/m2s. The Na flux profile 

presents the maximum value at the point of negatively charged surface entrance. After this 

point, the Na ion flux flow to cathode, making the parabolic shape due to shear stress at the 

surface. 

In the case of surface charge density, the maximum value of total, electrophoretic, 

diffusional, and convective flux are 1.849, 2.77, 2.622, and 1.313 mol/m2s. The Na flux profile 

presents the attracting shape till the center of negatively charged surface. This is because the 

Na ion flux concentrates to whole charged nanochannel surface. After center of surface, the Na 

ion flux flow to cathode, making the parabolic shape due to shear stress at the surface. 

Last, at the case of EDL model, the maximum value of total, electrophoretic, diffusional, 

and convective flux are 713.54, 1527.9, 1616.4, and 3.0067 mol/m2s. Na ion flux make the 

slight parabolic shape in the nanochannel except for area of negatively charged surface. In the 

center area, the Na ions concentrate to whole charged nanochannel surface. And the Na ion 

flux at the charged surface is considerably fast. 
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(a) External potential case 

(b) Surface potential case 

(c) Surface charge density case 
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(d) EDL model case 

(e) External potential case 
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(f) Surface potential case 

(g) Surface charge density case 
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Figure 4-1. Na ion flux in 50 nm and 5 nm nanochannel 

The total ion flux is generated by electrophoretic, diffusional, and convective force which are 

presented in a row. (a), (b), (c), and (b) are the Na ion flux in the 50 nm nanochannel 

respectively. And (e), (f), (g), and (h) are the Na ion flux in the 5 nm nanochannel respectively. 

The electrophoretic and diffusional forces have opposite direction of Na ion flux. And 

convective force is derived by electroosmotic flow. The total Na ion flux is expressed to 

summation of these three fluxes. The color presents the Na ion flux at the nanochannel domain 

in 2D and 3D field. The arrow length expresses the Na ion flux at the point of nanochannel.   

(h) EDL model case 
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3.3.2 Cl flux by electrophoresis, diffusion, and convection (electroosmotic effect) 

The Cl ions are also transported by electrophoresis, diffusion, and convection. We can 

confirm the direction and magnitude of fluxes derived by each three force in Figure 4-2. There 

are orderly four 2D graph of nanochannel: Total; electrophoretic; diffusional; and convectional 

flux. And the 2D graph is normalized the value of Na flux from 0.3 to 0 mol/m2s in the 

nanochannel for convenient comparison each case. The normalized value of 0.3 mol/m2s is 

very small compared to 3 mol/m2s of Na ion flux. This is reason why the effect of negatively 

charged surface decreases the Cl ion flux. 

In the 50 nm nanochannel case of external potential which has no surface potential, the 

total Cl ion flux flows from cathode to anode with flow rate value of 0.1094 mol/m2s. The Cl 

ion flow is uniform at the cross-sectional area like Na flux. The value of Cl ion total flux is 

lower than Na flux because the direction of Cl electrophoretic flux is reverse with convectional 

flux of Cl ion. The maximum value of electrophoretic and convective flux are 0.2217 and 

0.1123 mol/m2s respectively. Though the convectional flux of Cl ion is same with Na, the 

electrophoretic flux of Cl is lower than Na flux due to difference of electrical mobility. And the 

diffusional flux is near zero because the Cl ion concentration is not happened in the external 

potential case.  

Second, in the surface potential case of 50 nm nanochannel, the maximum total flux in 

the nanochannel is 1.1585 mol/m2s. The most Cl ions flow from center to side in the 

nanochannel.  In this way, Cl ion flux has the tendency to get out of nanochannel. The 

electrophoretic and diffusional fluxes have the maximum value of 3.0342 and 1.6288 mol/m2s 

at the same area in the nanochannel. Because the electrophoretic flux is also the strongest factor 

for Cl ion concentration in the nanochannel, the diffusional flux’s direction is to the direction 

of large electrophoretic flux gradient. The convective flux which has maximum value of 0.5141 
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mol/m2s is Cl ion transportation from the electroosmotic flow. So, Cl transport direction by 

convective flux is same with Na ion.  

Third, at the surface charge density case of 50 nm nanochannel, the all Cl ion fluxes are 

really similar with the surface potential case. The Cl ions flow to side of nanochannel. On the 

other hand, the maximum magnitude of Cl ion flux is a little bit different with surface potential 

case. The maximum values of total, electrophoretic, diffusional, and convective flux are 0.2771, 

0.7141, 0.5193, and 0.3617 mol/m2s. 

 Fourth, in the EDL model case, Cl ion fluxes are also quite different with other case 

because of different electric field in the nanochannel. The large amount of Cl ion flows to just 

next to out of Debye length because of Na ion large concentration at the surface. The large 

concentration of Na ion make the positive field at the nanochannel surface and attract the Cl 

ions. Also, some other Cl ions are transported to each end side of nanochannel.The maximum 

value of total, electrophoretic, diffusional, and convective flux are 205.77, 209.31, 20.155, and 

0.3295 mol/m2s. Though the maximum value of Cl ion total flux is 68 times to surface potential, 

the Cl ion total flux value in the center of nanochannel is similar with surface potential and 

surface charge density cases with value of almost zero. At the charged surface in the 

nanochannel, the electrophoretic and diffusional flux is very large but, opposite direction. 

In the 5 nm radius of nanochannel, the Cl ion flux is also little different. Like in the 

electroosmotic flow, the shear force is noticeable due to shallower nanochannel compared to 

50 nm radius of nanochannel. So, the Cl flux which flows along the surface wall decreased. 

However, in the external potential case, all magnitude and direction of Cl flux are same with 

the case of 50 nm nanochannel case because there is no surface potential effect.  

In the case of surface potential, the maximum value of total, electrophoretic, diffusional, 

and convective flux are 1.5853, 4.0753, 2.0454, and 0.6864 mol/m2s. At the side of 

nanochannel, Cl ion flux is transported to end of charged surface at the wall but at the inner 
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area of nanochannel, Cl ion flux is transported to each side of nanochannel. In the aspect of 

electrophoretic, Cl ions move to each end side of nanochannel with cross-sectional uniform 

rate. And the diffusional flux presents similar phenomenon with electrophoretic flux with 

opposite direction. 

In the case of surface charge density, the maximum value of total, electrophoretic, 

diffusional, and convective flux are 0.3345, 0.8108, 0.6794, and 0.4168 mol/m2s. The Cl flux 

profile is very similar with surface potential case. And we can confirm that the shallower 

channel makes the larger effect of convective flux in the total flux. 

Last, at the case of EDL model, the maximum value of total, electrophoretic, diffusional, 

and convective flux are 125.27, 209.17, 218.24, and 0.3735 mol/m2s. The profile of total flux 

is opposite to surface potential and surface charge density case at the anodic electrode area and 

same at the cathodic electrode area. This is because the Cl flux have the tendency that Cl ions 

focus to next to Debye length area in the EDL model. When the comparison with Na ions flux, 

the Cl ions flux is very tiny. Specially, at the shallow nanochannel, the Cl ion flux in the center 

of nanochannel is lower. We can confirmed the effect of the negatively charged surface. 
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(a) External potential case 

(b) Surface potential case 

(c) Surface charge density case 
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(d) EDL model case 

(e) External potential case 
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(f) Surface potential case 

(g) Surface charge density case 
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Figure 4-2. Cl ion flux in 50 nm and 5 nm nanochannel 

The total ion flux is generated by electrophoretic, diffusional, and convective force which are 

presented in a row. (a), (b), (c), and (b) are the Cl ion flux in the 50 nm nanochannel respectively. 

And (e), (f), (g), and (h) are the Cl ion flux in the 5 nm nanochannel respectively. The 

electrophoretic and diffusional forces have opposite direction of Cl ion flux. And convective 

force is derived by electroosmotic flow. The total Cl ion flux is expressed to summation of 

these three fluxes. The color presents the Cl ion flux at the nanochannel domain in 2D and 3D 

field. The arrow length expresses the Cl ion flux at the point of nanochannel. 

  

(h) EDL model case 
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3.3.3 Na concentration in the nanochannel 

The Na ion concentration is decided by the electrophoretic, diffusional, and convective 

flux. So the result of the ion flux which we mentioned above at chapter 3.3.1. Because the ion 

flux and concentration is directly relative, it is important to confirm the concentration result as 

the different electric field by just external potential, surface potential, surface charge density, 

and EDL model. Also, we will consider the comparison of result in 50 nm and 5 nm 

nanochannels. These result of Na ion concentration is shown in the Figure 4-3.  

First, at the external potential case, the Na ions of 10 mM/m2 is filled the whole 

nanochannel. The 10 mM/m2 Na ions at the boundary condition disperses from the anode to 

cathode by the electrophoretic and convective force. There is no concentration of Na ions 

because the Na ion transports by electrophoretic and convective dispersions are uniform at the 

cross-section in the nanochannel. So, the 1D graphs of Na ion concentration in the center and 

longitudinal line presents 10 mM/m2 steadily. 

In the surface potential, surface charge density, and EDL model case, the Na ion 

concentration is happened due to effect of surface potential at the center of nanochannel. The 

concentration profiles in the 2D graph at the all cases is similar with the electrical potential 

profile in 2D graph respectively. So, the results of Na ion concentration in the surface potential 

and surface charge density case is similar each other. Because of the negative charge at the 

surface, the positively charged Na ions are attracted to center of nanochannel surface by 

electrophoretic force.  

The maximum concentrations in the 2D nanochannel graph are 53.708 and 44.938 

mol/m2 at the surface potential and surface charge density case respectively. When we show 

the transversal line graph in the surface potential case, the concentration value of 47 mM/m2 at 

the nanochannel surface is decreased to 25 mM/m2 with parabolic shape. And in the refercence 

line graph of surface potential case, increase from 10 mM/m2 to 31 mM/m2 of Na ion 
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concentration is shown with parabolic shape. According to these results of center and 

longitudinal line graph, we can define that the large concentration of Na ions can be observed 

as near the center of nanochannel surface. In the surface charge density case, the Na ion 

concentration result is almost similar at the aspect of graph profile. Just amount of 

concentration is little bit different. The decrease from 43 mM/m2 to 23 mM/m2 and increase 

from 10 mM/m2 to 27 mM/m2 can be presented in the center and longitudinal line graph 

respectively. 

As the difference between the other cases and EDL model case in the electrical field, the 

Na ion concentration in the EDL model case is also different to concentration result of other 

case. The electric field of EDL model is the exponential function from the charged surface. The 

effect of surface potential is very small about 3 nm due to Debye length characteristic. So, Na 

ion concentration is focused on the small area near the charged surface. The maximum 

concentration in the 2D nanochannel graph are 36.411 mol/m2 at the EDL model case. The 

transversal line concentration graph shows the exponential decrease of Na ion concentration 

from 36 mM/m2 to 8.3 mM/m2. And in the longitudinal line graph, the parabolic decrease in 

the center of nanochannel from 10 mM/m2 to 8.2 mM/m2. At these result of Na concentration, 

there is a remarkable point compared to other case. The Na ion concentration in the inner area 

of nanochannel decrease than the concentration (10 mM/m2) at the boundary condition. This is 

reason why the Debye length of EDL model cannot cover the 50 nm nanochannel. So the Na 

ions in the inner nanochannel transport to negatively charged surface. 

The simulation of 5 nm channel is for confirming the Debye length effect as a 

concentration in the nanochannel. In the 5 nm nanochannel of surface potential and surface 

charge density cases, there are no apparent difference compared to 50 nm nanochannel in the 

2D graph. The maximum value of Na concentrations are 55.584 and 43.509 mM/m2 in the 

surface potential and surface charge density case respectively. However the obvious increase 
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of concentration to 53.762 mM/m2can be presented in EDL model case of 5 nm 

nanochannel.2D graph. This phenomenon is because of the shallow channel effect. 

At the center and longitudinal line of 5 nm nanochannel, the shallow channel effect can be 

observed even in the surface potential and surface charge density case. The Na concentration 

decreases of 48.361 mM/m2 to 48.355 mM/m2 and 42.05 mM/m2 to 41.6 mM/m2 are observed 

in the transversal line of surface potential and surface charge density case respectively. This 

changes of concentration is too small to ignore the difference. The no difference of 

concentration in the transversal line shows the shallow nanochannel effect. In the longitudinal 

line of surface potential case, the Na ion concentration profile is like a rectangle and the 

increase of concentration can be shown from 10 mM/m2 to 40 mM/m2 lower area and 50 

mM/m2 upper area in the center of nanochannel. This concentration value of 40 mM/m2 and 50 

mM/m2 are higher than concentration of the 50 nm channel simulation. This is due to the 

shallow nanochannel effect. On the other hand, the Na ion concentration in the EDL model 

case is different with other case. The decrease of Na ion concentration can be observed from 

37 mM/m2 to 10 mM/m2 in the transversal line result. This phenomenon means that the Debye 

length still does not cover the 5 nm nanochannel fully. And because of the electric field in the 

EDL model, the Na ion concentration increases abruptly at the center of nanochannel which is 

near the negatively charged surface. The Na ion concentration is 22 mM/m2 at the lower area 

and 12.5 mM/m2 at the upper area of negatively charged nanochannel. Though the increase of 

Na ion concentration cannot be confirmed in the 50 nm nanochannel, we can in the 5 nm 

nanochannel due to shallow nanochannel effect. 
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(a) External potential case 

Ion concentration of transversal line Ion concentration of longitudinal line 
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(b) Surface potential case 

Ion concentration of transversal line Ion concentration of longitudinal line 
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(c) Surface charge density case 

Ion concentration of transversal Ion concentration of longitudinal line 
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(d) EDL model case 

Ion concentration of transversal Ion concentration of longitudinal line 
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(e) External potential case Ion concentration of transversal line 

Ion concentration of longitudinal line 

(f) Surface potential case Ion concentration of transversal line 

Ion concentration of longitudinal line 
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(g) Surface charge density case Ion concentration of transversal line 

Ion concentration of longitudinal line 

(h) EDL model case Ion concentration of transversal line 

Ion concentration of longitudinal line 
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Figure 4-3. Na ion concentration in 50 nm and 5 nm nanochannel 

The Na ion concentration profile in the 50 nm and 5 nm nanochannel. (a), (b), (c), and (d) 

present the Na ion concentration result at the 2D surface, 3D surface, transversal line, and 

longitudinal line in the 50 nm nanochannel respectively. And (a), (b), (c), and (d) present the 

Na ion concentration result at the 2D surface, 3D surface, transversal line, and longitudinal line 

in the 5 nm nanochannel respectively. There are four case for expression of negatively charged 

surface: external potential; surface potential; surface charge density; and EDL model. Specially, 

the Na ion concentration is obviously different to other case because of the Debye length effect. 

Also, we can confirm the shallow channel effect in the EDL model. 
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3.3.4 Cl concentration in the nanochannel 

The Cl ion concentration is decided by the electrophoretic, diffusional, and convective 

flux. So the result of the ion flux which we mentioned above at chapter 3.3.2. Because the ion 

flux and concentration is directly relative, it is important to confirm the concentration result as 

the different electric field by just external potential, surface potential, surface charge density, 

and EDL model. Also, we will consider the comparison of result in 50 nm and 5 nm 

nanochannels. These result of Na ion concentration is shown in the Figure 4-4. 

The profile of Cl ion concentration is obviously same with Na ion concentration in the 

external potential case. At the external potential case, the Cl ions of 10 mM/m2 is filled the 

whole nanochannel. The 10 mM/m2 Cl ions at the boundary condition disperses from the 

cathode to anode by the electrophoretic and convective force. The 1D graphs of Cl ion 

concentration in the center and longitudinal line presents 10 mM/m2 steadily. 

The profile of Cl ion concentration is opposite to tendency of Na ion concentration in the 

surface potential and surface charge density case. The area which high Na ion concentration is 

distributed has low Cl ion concentration. On the other way, the area which low Na ion 

concentration is distributed has high Cl ion concentration. The minimum concentrations in the 

2D nanochannel graph are 1.3932 mol/m2 and 2.047 mol/m2 at the surface potential and surface 

charge density case respectively. At the transversal line concentration result, Cl ion 

concentration increases from the negatively charged surface (3.6 mM/m2 and 4 mM/m2) to 

inner nanochannel (2.15 mM/m2 and 2.05 mM/m2) in the surface potential and surface charge 

density case respectively. Also, at the longitudinal line concentration result, Cl ion 

concentration decrease from the each end side of nanochannel (10 mM/m2 and 10 mM/m2) to 

center of nanochannel (3 mM/m2 and 3.4 mM/m2) respectively. 

On the other hand, the Cl ion concentration in the EDL model is extremely different with 

other cases. The Na ion concentration is focused to the area which is near the negatively 
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charged surface. These Na ion concentration affects the Cl ion to be concentrated next to Na 

ion concentrated area. So the Cl concentration is higher than concentration of boundary 

condition (10 mM/m2) at the center of nanochannel. The maximum and minimum 

concentration in the 2D nanochannel graph are 11.48/m2 and 2.425 mM/m2 respectively. This 

maximum value of 11.48/m2 is due to the effect of Na concentration at the charged surface. 

This phenomenon reflects to concentration result of transversal line and longitudinal line. In 

the concentration of transversal line, 11.1 mM/m2, 11.5 mM/m2, and 2.4 mM/m2 of Cl ion 

concentrations are presented at the inner nanochannel, next to area of Na ion concentration, 

and negatively charged surface respectively. We can confirm the exponential concentration 

increase from the charged surface. In the concentration of longitudinal line, the slight increase 

of Cl ion concentration can be observed from each end side of nanochannel (10 mM/m2) to 

nanochannel center (11.35 mM/m2). 

The simulation of 5 nm channel is for confirming the Debye length effect as a 

concentration in the nanochannel. In the 5 nm nanochannel of surface potential, surface charge 

density, and EDL model cases, there are no apparent difference compared to 50 nm 

nanochannel in the 2D graph. The minimum value of Cl concentrations are 1.35, 2.077 and 

2.0722 mM/m2 in the surface potential and surface charge density case respectively. However, 

The Debye length covers the large part near the negatively charged surface. So the Cl ion 

concentration is lower in the area which is near the negatively charged surface. This 

phenomenon is because of the shallow channel effect. Specially, at the center and longitudinal 

line of 5 nm nanochannel, the shallow channel effect can be observed even in the EDL model 

case. The Cl concentration increase from 2.2 mM/m2 to 7.9 mM/m2 is observed in the 

transversal line. This 7.9 mM/m2 of concentration value is lower than the concentration of 50 

nm nanochannel simulation. And the Cl ion concentration decrease from the end side of 
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nanochannel (10.4 mM/m2) to area near the charged surface (5.1 mM/m2) means the effect of 

shallow nanochannel in the longitudinal line result. 
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(a) External potential case 

Ion concentration of transversal line Ion concentration of longitudinal line 
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(b) Surface potential case 

Ion concentration of transversal line Ion concentration of longitudinal line 
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(c) Surface charge density case 

Ion concentration of transversal line Ion concentration of longitudinal line 
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(d) EDL model case 

Ion concentration of transversal line Ion concentration of longitudinal line 
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(e) External potential case Ion concentration of transversal line 

Ion concentration of longitudinal line 

(f) Surface potential case Ion concentration of transversal line 

Ion concentration of longitudinal line 
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(g) Surface charge density case Ion concentration of transversal line 

Ion concentration of longitudinal line 

(h) EDL model case Ion concentration of transversal line 

Ion concentration of longitudinal line 
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Figure 4-4. Cl ion concentration in 50 nm and 5 nm nanochannel 

The Cl ion concentration profile in the 50 nm and 5 nm nanochannel. (a), (b), (c), and (d) 

present the Cl ion concentration result at the 2D surface, 3D surface, transversal line, and 

longitudinal line in the 50 nm nanochannel respectively. And (a), (b), (c), and (d) present the 

Cl ion concentration result at the 2D surface, 3D surface, transversal line, and longitudinal line 

in the 5 nm nanochannel respectively. There are four case for expression of negatively charged 

surface: external potential; surface potential; surface charge density; and EDL model. Specially, 

the Cl ion concentration is obviously different to other case because of the Debye length effect. 

Also, we can confirm the shallow channel effect in the EDL model. 
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4. CONCLUSION 

4.1 Conclusion 

We confirmed the EDL model of nanochannel surface and effect of shallow channel with 

ICP phenomenon simulation. Ion concentration in the nanochannel is affected by 

electrophoretic, diffusional, and convective ion flux. The electric field, electroosmotic flow, 

and ion concentration are obviously different between EDL model case and other case because 

of Debye length in EDL model. Ion concentration of EDL model focus on the negatively 

charged surface compared to concentration of other case. Also, we can understand the effect of 

shallow nanochannel with 5 nm and 50 nm radius of nanochannels. Especially, the shallow 

channel effect is remarkable in the EDL model. Because the Debye length is too short about 3 

nm, the influence of charged surface cannot cover the entire inner nanochannel. So, the most 

Cl ions can transport through negatively charged nanochannel. On the other hand, at the 5 nm 

nanochannel, the Debye length can influent inside of whole nanochannel. The Cl ions cannot 

enter the entrance of negatively charged nanochannel and move out from the nanochannel. This 

paper is meaningful that ion concentration polarization simulation is resulted by electric and 

fluidic field compared to by Boltzmann distribution equation. 

 

4.2 Future work 

After fully understanding ICP phenomenon in the nanochannel using COMSOL 

simulation, we need to compare the real phenomenon in the nanochannel with our result of 

simulation. We are going to fabricate the nanochannel device for biomolecule concentration 

and small sized battery. In the application of nanochannel, it is important to enhance the 
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efficiency of device. At the biomolecule concentration scheme, device have to concentrate 

target biomolecules from the diluted solution (nL or pL) in device. And the nanochannel battery 

is researched for high power which is generated by nanochannel device. For enhancing 

efficiency of device, there are many techniques by adjusting electrical potential, surface 

potential, nanochannel length, electrolyte in the channel, and ion molarity of electrolyte. We 

have the purpose to fabricate nanochannel device for enhancing efficiency by these techniques. 
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요 약 문 

이온 농도 분극을 위한 나노유체장치에서 나노채널의 전기이중 층 

COMSOL 시뮬레이션 분석: 전기장; 전기삼투 유동; 이온 이동 

 

 

 

 기존에 연구되고 있는 음극으로 대전된 나노채널에서의 이온 농도 분극은 나노채널 

표면에서의 해석의 어려움으로, 아직까지도 현상을 완전히 정의 하지 못하고 있다. 따라서 

우리는 현재까지 대전된 표면에서의 가장 신뢰받는 모델인 Gouy-Chapman 이론을 반영하여 

나노채널의 COMSOL 시뮬레이션 결과를 제안하고자 한다. 기존 이온 농도 분극 해석을 위한 

시뮬레이션 경계조건인 표면 전하 밀도를 사용한 이온 농도 분극 결과와 우리가 Gouy-

Chapman 수식을 이용하여 만든 전기이중층 모델을 사용한 이온 농도 분극 결과를 비교한다. 

또한, 나노채널 직경의 크기에 따른 나노채널 내부의 해석을 한다.  

 나노채널 내부에서의 이온 농도는 전기 영동, 이온의 확산, 그리고 전기삼투 유동을 통해 

이루어 진다. 기존의 방식과 우리의 전기이중 층 모델을 사용한 방식의 나노채널에서의 이온 

농도 결과는 확연하다. 전기이중 층 모델에서의 전기적 영향력을 나타내는 Debye length 의 

길이가 3 nm 정도로, 매우 짧기 때문이다. 따라서 전기이중 층 모델을 사용한 전기 농도 분극 

현상을 보이기 위해서는 작은 직경을 가지는 나노채널에서의 해석이 필요하다. 반지름이 50 

nm 일때의 채널에서는 나노채널의 내부까지 대전된 표면의 효과를 줄 수 없었지만, 반지름 5 

nm 의 좁은 채널에서는 대전된 표면의 영향력이 나노채널 내부까지 미치게 되었다. 하지만 

기존의 표면 전하 밀도 경계조건을 사용한 결과에서는 나노채널의 직경에 따른 이온 
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농도변화를 크게 보지 못하였다. 이렇게 이온 농도 분극을 보기 위한 시뮬레이션에서 기존에 

사용된 방법과 우리가 전기이중 층 모델을 시뮬레이션 결과에서 이온 농도 분극 해석 결과는 

많은 차이를 보였다.  

  또한, 우리의 Gouy-Chapman 모델을 사용한 이온 농도 분극 시뮬레이션은 다른 연구자들이 

하는 볼츠만 이온 분배 수식을 사용한 결과와는 달리, 직접 나노채널 내부의 전기장 및 유체장 

형성을 통한 이온 농도 분극 결과이기에 의미를 더한다. 

 

핵심어: 이온 농도 분극 (ICP), 이온 선택적 나노채널, 전기이중 층 (EDL), 

나노유체장치, 전기삼투 유동, 이온 이동 
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