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Abstract 

The electrophoretic motion of hydrophobic particles has been scrutinized numerically in solid-

state nanopores. The Poisson, Stokes, and Nernst-Plank equations are solved simultaneously, and 

the Newton-Raphson algorithm is used to compute the correct velocity at each point. For the 

hydrophobic surface characterization, the Navier-slip boundary condition with a wide range of slip 

lengths is applied on the nanoparticle's surface. The effects of the electric field intensity, the 

electrolyte concentration, and the particle's size on the electrophoretic velocity are examined. 

Then, the nanopore's size and surface charge density are manipulated to achieve the configuration 

for separating hydrophobic and hydrophilic particles based on their slip lengths. The results show 

that the hydrophobic and hydrophilic particles, under particular circumstances, would move in the 

opposite direction in a nanopore. Finally, the resistive pulses of the particles with various slip 

lengths are studied. The resistive pulse properties of the hydrophobic and the hydrophilic particles 

are completely distinguishable and show the potential application for resistive pulse sensing as a 

tool for reckoning the particle's slip length. 

Introduction  

Electrophoresis, the motion of charged particles by exerting an invariant electric field, plays a 

crucial role in characterizing, separating, and detecting colloidal and bio-particles1-5. The theory 

of electrophoretic motion in the free electrolyte and gel medium has been widely developed6-12. 

Similarly, with the introduction of nanofluidics and the development of nanofabrication, several 

theoretical, experimental, and numerical studies have been conducted on the motion of ions and 

nanoparticles in the nanoscale due to an electric field13-28. Nanopores which are categorized into 
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two main groups: bio-nanopores and solid-state nanopores, have a profound potential for the 

detection of proteins and DNA29. The particle detection and characterization in the nanopore could 

be fulfilled with resistive pulse sensing (RPS). When a particle moves through a nanopore, due to 

the particle movement, the ionic current changes, and a resistive pulse is created. By analyzing the 

resistive pulse, several properties of particles, like concentration, size, shape, and surface charge 

density, could be explored. Furthermore, RPS technology is used to detect biological particles like 

viruses, proteins, and DNA. Sikora et al.30 measured the zeta potential and the size of silica 

nanoparticles in the serum with RPS. Zhou et al.31 detected Hepatitis B virus capsids by a conical 

nanopore with 40 nm in diameter using RPS. Harrel et al.32 successfully detected the single-

stranded and double-stranded DNA in a conical nanopore.   

However, as the ratio of surface to volume is very high on the micro and nanoscale, the transport 

of fluid in micro and nanopores is always a serious challenge. Several studies have been conducted 

to reduce the friction and increase transport efficiency33, 34. Liu et al.29 investigated the effect of 

contact angle on the rapid transport of proteins in solid-state nanopores. They found that increasing 

the contact angle to 90 degrees will avoid protein biofouling to the nanopore’s wall. Besides, since 

the electric double layer (EDL) size is on a nanometer scale, the velocity variation in 

electroosmotic flow (EOF) in microchannels occurs in the EDL layer. It is found that the slip 

length boosts the EOF velocity by the factor of (1 + λpκ−1) in which λp is the slip length of 

microchannel and κ−1 is the EDL size35. After this discovery, the question have arisen of what the 

effect of slip length is on the electrophoretic motion of particles. Also, experimental and molecular 

dynamic studies have shown that the no-slip condition, used conventionally as the boundary 

condition for the electrophoretic motion of a particle, is not valid in some cases. In fact, the no-

slip boundary condition only can be exerted on the surface of particles that attract surrounding 

molecules firmly36-39. For instance, Collis et al.39 investigated a new method for accurately 

measuring the slip length of the particles in the liquid. They showed gold nanoparticles in water 

have 2.7 ± 0.6 slip length. Besides naturally hydrophobic particles, synthetic hydrophobic 

particles can be produced to avoid protein adhesion on the surface of nanoparticles. Moyano et 

al.40 proposed some methods to make hydrophobic particles with tunable slip lengths to prevent 

the formation of the corona, which alters the characterization of nanoparticles on the particle's 

surface. 

Recently, electrophoresis of hydrophobic particles attracted several interests41-51. Khair and 

Squires41 studied the effect of particle’s slip length on the particle's electrophoretic motion and 

surface conductance for the first time. They found that the EDL size and zeta potential of a particle 

affect the reduction of hydrodynamic force and velocity of the particle. Park42 derived a closed-

form formula for the mobility of hydrophobic particles and proposed a method to examine and 

separate the effect of slip length and zeta potential of the particle simultaneously. Gopmandal et 

al.47 compared the electrophoretic mobility of hydrophobic particles with droplets and showed that 

simulation of undeformed droplets could be done with rigid hydrophobic particles. Oshima49-50 

investigated the effect of slip length for the spherical and cylindrical particles for a wide range of 
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EDL size analytically. Kobayashi51 compared the simulation results for polystyrene with slip 

length with four different experimental data and showed that changing the no-slip condition to the 

Navier boundary condition causes better agreement between experimental and simulation data. 

Most of the studies on the electrophoretic motion of hydrophobic particles are conducted in the 

unbounded electrolyte and gel medium. Although the effect of many parameters like the nanopore 

geometry on the RPS in nanopores has already been studied52, however, the effect of particle 

hydrophobicity through a continuum method has not been investigated yet. 

This paper studies the effect of the electric field, electrolyte concentration, and particle size on the 

electrophoretic velocity of hydrophobic particles in a non-charged nanopore. By changing the 

nanopore's surface charge density and radius, the possibility of separating particles in the nanopore 

based on their slip length is investigated as well. Finally, in the two critical electrolyte 

concentrations, the effect of particle slip length on the shape of the resistive pulse is demonstrated.  

Governing equations and boundary conditions 

A spherical particle with a radius of ap and uniform surface charge density is placed in the center 

of a nanopore with a radius of b and a height of 100 nm. In order to compare hydrophobic and 

hydrophilic particles’ velocities, a single particle is considered for the simulation. However, 

generally hydrophobic particles tend to create clusters. In order to avoid agglomeration, surfactants 

can be added to the sample.53 Two sides of the nanopore are connected to two reservoirs with a 

radius of 500 nm and height of 500 nm filled with KCL electrolyte. The 2D axisymmetric domain 

of the numerical solution is shown in Fig. 1. Since the electrophoretic motion of the spherical 

particle in the center of the nanopore is a symmetric problem, cylindrical coordinate (r, z) is used 

and originated at the center of the particle. The Knudsen number is calculated by Eq. (1) in which 𝜆 is the mean free path of molecules. 𝜆 is 0.136 nm for aqueous solution.54 For the nanopore with 

a 15 nm radius, which is the smallest radius of a nanopore in this study, the Knudsen number is 

0.0086, which is much less than 1. According to the Velasco et al.55 the continuum medium 

assumption will be valid. Also, Zheng et al.54 have shown the continuum assumption will be valid 

for aqueous solution in nano channels with up to 4 nm height.   Kn = λ2b 
(1) 

To calculate the velocity of particle, The Poisson, Nernst-plank, and Stokes equations must be 

solved, which are highly coupled. The Poisson equation represents the electric distribution in the 

nanopore: 

 −∇(ε0εr∇φ) = F∑ cizii  
(2) E⃗⃗ = −∇φ   (3) 
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 𝛗 in the above equations is the electric potential, and �⃗�  represents the electric field. 𝛆𝟎 =𝟖. 𝟖𝟓 × 𝟏𝟎−𝟏𝟐 𝐅/𝐦, 𝛆𝐫 = 𝟖𝟎, and 𝐅 = 𝟗𝟔𝟒𝟖𝟓. 𝟑 𝐂/𝐦𝐨𝐥 are vacuum permittivity, relative 

electrolyte permittivity, and Faraday’s constant, respectively. 𝐜𝐢 and 𝐳𝐢 = ±𝟏 are the electrolyte 

concentration and valence of cations and anions. 𝐅∑ 𝐜𝐢𝐳𝐢𝐢  in the Eq. (2) represents the net charge 

density of the electrolyte solution. To generate an electric field with the strength of 𝐄 in the 

nanopore, 𝛗𝟎 𝐦𝐕 and 0 mV voltages are applied to the two sides of reservoirs: 

 φAB = 0 mV  (4) φHG = φ0 mV (5) 

 

The surface charge density of the nanoparticle is negative and is assumed −𝟐𝟎 𝐦𝐂𝐦𝟐. The surface 

charge density of a particle depends on different properties like electrolyte concentration and pH. 

The surface charge density also has a correlation with the slip length. Kobayashi51 showed the 

relation between the distance of charged groups on the particle’s surface with the slip length. When 

the charged groups on the surface of a particle stand far away from each other, a more significant 

slip length should be considered for the particle. But, the effect of surface charge density and slip 

length on the velocity of particles cannot be distinguished. So, a constant surface charge density is 

assumed for the particles to be able to investigate the effect of slip length on the velocity of 

particles and the shape of the resistive pulses. The surface charge density value is chosen by 

considering surface charge density of natural and synthetic hydrophobic particle.40, 51 The surface 

charge density of DC, DE, and EF borders which are nanopore’s wall surface charge density, in 

FIG. 1. 2D axisymmetric numerical domain, including the hydrophobic nanoparticle, nanopore, and reservoirs. The particle is 

originated at the center of nanopore. The two reservoirs are filled with electrolyte solution.  
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some cases are zero and in other cases are equal to 𝛔𝐰. Finally, the symmetric condition is applied 

to HI and JA borders: n. (−ε0εr∇φ) = −20mCm2        on IJ (6) n. (−ε0εr∇φ) = 0 or σw            on DC, DE, & EF (7) n. (−ε0εr∇φ) = 0                        on  HI & JA (8) 

 

The Reynolds number which is the ratio of inertia forces to the viscous forces is calculated by Eq. 

(9): Re = 2ρbu̅μ  
(9) 

In the above equation, ρ = 1000 kgm3 is electrolyte density, �̅� is average velocity in the nanopore, 

and μ = 0.001 pa. s is dynamic viscosity. When the surface charge density of nanopore is -25 
𝑚𝐶𝑚2, 

the average velocity will be maximum in the nanopore, and consequently the Reynolds number 

has the highest value. The nanopore’s radius and average velocity in this case are 25 nm and 23 𝑚𝑚𝑠 , respectively. So, the highest Reynolds number will be 0.0015 in this study. The Reynolds 

number is much less than 1. Therefore, neglecting the inertia terms will be reasonable in this study. 

The continuum and Stokes equations are solved for the fluid field. The term −F∑ cizi∇φi  is added 

to the Stokes equation for the electrostatic force: −∇p + μ∇2u⃗ − F∑ cizi∇φi = 0 
(10) ∇. u⃗ = 0 (11) 

 

where p is the pressure, and u⃗  is the velocity field. In the domain of solving equation, no external 

hydrodynamic pressure is applied. Thus, the pressure of AB and HG boundaries is equal to zero 

and the symmetric condition is used for the HI and JA borders. As it was noted before and it is 

depicted in Fig. 1, the no-slip boundary condition is not valid for hydrophobic surfaces. Therefore, 

instead of the no-slip boundary condition, the Navier-slip condition must be applied to the surfaces 

with non-zero slip length. The slip length is set between zero to 20 nm. Kobayashi51 showed the 

slip length for the polystyrene is between 1 to 3.5 nm. Collis et al.39 measured the slip length of 

gold particles between 0.2 to 4.5 nm. However, Moyano et al.40 showed by coating the surface of 

particles, a tunable hydrophobic particle can be produced. So, the slip length is chosen higher than 

the slip length of naturally hydrophobic particles to be able to also represent synthetic hydrophobic 

particles: u|| = λp τμ , u⊥ = 0 (12) 
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which u|| is the slip velocity, u⊥ is the normal velocity, τ is the hydrodynamic stress. Whenever λp, 

which is the slip length of nanoparticle, is equal to zero, the Navier-boundary condition transforms 

to the no-slip boundary condition. Since the nanopore is hydrophilic, the no-slip boundary 

condition is exerted on CD, DE, and EF borders. Additionally, particle moves with the velocity of Vp in z direction. Thus, the following condition indicates the motion of particle in the z direction:  u⃗ (r, z) = Vp ez  on IJ (13) 

 

The distribution of ions is determined by the Nernst-Planck equation: ∇. N⃗⃗ i = 0 (14) N⃗⃗ i = u⃗ ci − Di∇ci − zi DiRTFci∇φ 
(15) 

 Where Ni is the total ion flux, Di (DCl− = 2.03 × 10−9 m2s , DK+ = 1.97 × 10−9 m2s )  is diffusion 

coefficients of ions, R= 8.3145 j/mol. k is the universal gas constant, and T = 298 K is the 

temperature. The AB and GH segments have constant concentration:  ci = c0     on AB & GH  (16) 

 

 Since the surface of nanopore wall and the particle are ion impermeable, the no-flux condition 

must be imposed on them. But, despite of wall, particle is moving inside the nanopore, so ions 

convection on the particle’s surface should be taken into account. Also, the symmetry boundary 

condition is used for HI and JA boundaries: n⃗ . N𝑖⃗⃗⃗⃗ = 0    on CD, DE, & EF (17) n⃗ . N𝑖⃗⃗⃗⃗ = n⃗ . (ciVp⃗⃗⃗⃗ )  on IJ (18) 

 

Numerical method 

To obtain the electrophoretic velocity of the particle, The Poisson, Nernst-Plank, and Stokes 

equations were solved simultaneously based on a finite element method. The scheme of matrix 

formation is fully coupled. The relative tolerance is set to 0.001. The termination technique is 

based on tolerance and the termination criterion is based on residual factor of 1000. Also, the 

maximum number of iterations is equal to 100. Matrix solver is direct and is based on MUMPS 

method. Unstructured elements are used for the meshing, and finer cells were adopted near the 

particle. The walls are demonstrated in Fig. 2.  
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FIG. 2. The unstructured meshing of the numerical domain with finer elements near the particle and walls of the nanopore and 

coarser elements in the reservoirs. The size of elements on the surface of the particle and walls must be small enough to be able to 

capture EDL. 

FIG. 3. Mesh independency diagram. The vertical axis is the electrophoretic velocity (𝐯𝐩) and the horizental axis is the number of 

elements. In this case the potential difference is 0.1 V, the particle and nanopore radii are 5 nm and 25 nm, respectively. The 

electrolyte concentration is equal to 100 mM. Finally, the surface charge density of particle and nanopore are −𝟐𝟎 𝐦𝐂𝐦𝟐 , and −𝟐𝟓 𝐦𝐂𝐦𝟐. 
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In Fig. 3, the mesh independency diagram is plotted.  The surface charge density of wall is −25 𝑚𝐶𝑚2, the potential difference is 0.1 V, the slip length of particle is 20nm, and the radii of 

nanopore and particle are 25 nm and 5 nm, respectively. The electrolyte concentration is assumed 

100 mM.  

All the forces acting on the particle must be determined to find the particle velocity. The Newton 

second law is used to determine the correct velocity. The radius of the nanopore is large enough 

to ignore the Van der Waals force. Therefore, electrostatic, hydrodynamic, and Brownian forces 

are applied to the particle. Movahed and Li56 and Jubery et al17 studied the ratio of the Brownian 

force to the electric force in the nanopores. They showed for the conventional electric fields which 

are in the order of 105 − 106  Vm, the ratio of the Brownian force to the electric force is in the order 

of 10−3. In this study, the strength of electric field is in the same order. Therefore, the Brownian 

force is neglected. The electrostatic and hydrodynamic forces are calculated in the following: F⃗ E = ∬σs (∂φ∂z) ds  (19) 

F⃗ H = −∬μ[(∂uz∂r + ∂ur∂z ) . nr + (2∂uz∂z ) . nz] ds  (20) 

 

Where s is the surface of the particle. 𝑛𝑟, and 𝑛𝑧 are normal vectors. As the particle moves with 

constant velocity in the nanopore, based on the Newton second law, the summation of electrostatic 

and hydrodynamic forces must be equal to zero: F⃗ E + F⃗ H = 0 
 

(21) 

Initially, the velocity of the particle is unknown. In order to find the velocity, an iterative method 

should be used. The velocity is guessed in the first stage; then, the electrostatic and hydrodynamic 

forces are calculated. If the difference of forces is less than 10−6, the velocity is correct; otherwise, 

the Newton-Raphson algorithm is used to achieve the correct velocity. For the validation of 

proposed scheme, the analytical results of Ennis and Anderson57, which are reliable for particles 

with low surface charge density and non-overlapping condition, are used. A particle with 1nm 

radius and 1 mV zeta potential (ζp) is placed in a long nanopore with zero surface charge density, 

and the amount of κa is approximately equal to 1. κ is the invers of EDL thickness: 

𝜅−1 = [ 2𝐹2𝑐0𝜀0𝜀𝑟𝑅𝑇]−12
 

(22) 

 

The 
a𝑝b  represents the ratio of particle radius to the nanopore radius, f is the relative mobility 

(
vp(ε0εrζp/μ)Ez) and Ez is the electric field in the z direction. As it is demonstrated in Fig. 4, there is 
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a good agreement between numerical and analytical results. To Show the validity of this scheme 

for the electrophoretic motion of hydrophobic particles, a large domain is considered to calculate 

the mobility of hydrophobic particles in the unbounded medium. In this case, the results are also 

in fine harmony with the results of Khair and Squires41, Park42, and Kobayashi51. 

 

 

𝐼 = ∬∑Fzi(−Di∇ci + u⃗ n
i=1 ci + ziDiRT E⃗⃗ ci)dA⃗  

 

(23) 

dt = dzVp  

 

(24) 

In order to calculate the total ionic current, Eq. (23) is used. The surface integration is conducted 

on a surface far from the nanopore to avoid consideration of local fluctuations of ionic current in 

the particle's surrounding. In addition, to show time-ionic current plots, Eq. (24), which relates 

time to the location of the nanoparticle based on its velocity, is utilized. For the validation of the 

ionic current in the nanopore, the experimental and numerical results of Jubery et al.17 are 

employed. A 30 nm particle moves in a cylindrical nanopore with a 50 nm height. The surface 

FIG. 4. Validation of the present numerical method with analytical work of Ennis and Anderson57. The relative mobility is plotted 

versus ratio of the particle radius to the nanopore radius. The radius and zeta potential of nanoparticle are 1 nm and 1 mV, 

respectively.  
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charge density of the nanopore and nanoparticle are −𝟏𝟓 𝐦𝐂𝐦𝟐 and −𝟐𝟐 𝐦𝐂𝐦𝟐, respectively. The 

electrolyte concentration is 200 mM, and the potential difference is 0.35 V. As it is demonstrated 

in Fig. 5, the results of our scheme match with the results of Jubery et al.17. 

 

 

 

Results and discussion  

In this section the effects of the electric field, electrolyte concentration, particle radius, surface 

charge density of nanopore, and nanopore radius on the electrophoretic velocity of hydrophobic 

particles, and the effect of particle hydrophobicity on the resistive pulse characteristics is 

investigated. For the examination of the size effect, two particles with 5 nm and 10 nm radii are 

used. In other cases, the radius of the nanoparticle is equal to 5 nm. Also, the nanopore radius in 

all cases is equal to 25 nm, except in the section where the effect of the nanopore’s size on the 
separation of hydrophobic particles is studied. The nanopore surface charge density, by default, is 

FIG. 5. Validation of ionic current calculation with the experimental and numerical research of Jubery et al17. The normal ionic 

current (nA) is plotted versus time (ms). The numerical results of this study match well the experimental and numerical results of 

Jubery et al17.
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zero. But, the negative values are assigned to the nanopore surface charge density to investigate 

the effect of the nanopore’s size and surface charge density. 

 

Effect of electric field 

To examine the effect of the electric field on the electrophoretic velocity of hydrophobic nanopore, 

0.1 to 0.5 voltage differences are applied to the two reservoirs, and the electrolyte concentration is 

assumed to be 100 mM. When the applied voltage increases, the strength of the electric field in 

the entire domain, including the nanopore, intensifies. As a result, a more powerful electric force 

is exerted on the nanoparticle's surface, and the particle moves faster in the nanopore. But, the 

velocity enhancement for particles with different slip lengths is not the same. In Fig. 6, the particle 

velocity versus potential difference for wide ranges of slip length is plotted.  

 

When the particle starts moving toward the cathode, the hydrodynamic force is exerted on the 

particle in the opposite direction. By depletion of hydrodynamic force, the particle velocity 

experiences an increment. The bond between the surrounding molecule and molecules on the 

surface of the particle determines the amount of hydrodynamic force on the microscale. The slip 

length enhancement is an indicator of the bond strength. By increasing slip length, the 

hydrodynamic force dwindles, and the particle velocity grows. As demonstrated in Fig. 6, the slope 

FIG. 6. The electrophoretic velocity (𝐯𝐩) versus potential difference (𝛗𝟎) is plotted. The particle and nanopore radius are 5nm and 

25nm, respectively. The charge density of particle and nanopore surfaces are −𝟐𝟎 𝐦𝐂𝐦𝟐 and zero, respectively. The electrolyte 

concentration is equal to 100 mM. Each line represents the electrophoretic velocity of a particle with a specific slip length. 
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of lines is not the same for the particles. In fact, as the slip length rises, the particle velocity shows 

a more significant increment versus the potential difference, which is the result of more reduction 

in hydrodynamic force. In the continue, a 0.1 V potential differential is exerted on the two 

reservoirs for the investigation of other parameters. 

Effect of electrolyte concentration 

The electrolyte concentration profoundly affects ion distribution in the solution domain. According 

to Eq. (22), the thickness of the Debye layer depends on the electrolyte concentration. The EDL 

size is usually near 1 nm or less in biological studies. But, in this study, a more comprehensive 

range of electrolyte concentration is assumed to study the effect of electrolyte concentration on the 

hydrophobic particle velocity. The formation of EDL with different sizes around the negative 

particle for various electrolyte concentrations is demonstrated in Fig. 7.   

 

 

FIG. 7. Distribution of counter ions around -20 
𝐦𝐂𝐦𝟐 charged hydrophobic particles with 5nm raduis in the electrolyte concentrations 

of a) 1 mM, b) 50 mM, and c) 400 mM. The EDL’s sizes for 100 mM and 1mM electrolyte concentrations are around 1nm and 10 
nm, respectively. The deformation of the EDL due to the polarization effect can be observed obviously in Fig. (a). 

FIG. 8. The electrophoretic veloity (𝐯𝐩) versus slip length (𝛌𝐩)  for a wide range of electrolyte concentrations. The particle and 

nanopore radii are 5nm and 25 nm, respectively. The surface charge densities of particle and nanopore are -20 
𝐦𝐂𝐦𝟐 and zero, 

respectively. The potential difference is 0.1 V. Each line represents the velocity of particles in a specific electrolyte concentration. 
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As illustrated in Fig. 7, the ion concentration around the particle is not constant. EDL size in 

downstream is larger than upstream, which is called the effect of EDL polarization. The non-

uniformity of EDL around the particle imposes a higher hydrodynamic force. Khair and Squires41 

investigated that by increasing the slip length, the effect of EDL polarization and surface 

conductance intensifies. The particle velocity versus slip length for a wide range of electrolyte 

concentrations is shown in Fig. 8. It is evident in Fig. 8 that by the slip length increment, the slope 

of the lines in all cases decreases. When the slip length changes between 0 and 5 nm, the velocity 

growth is much more significant than when the slip length varies between 15 to 20 nm. Therefore, 

the effect of non-linear phenomena clearly could be captured in these cases. EDL polarization and 

surface conductance as non-linear effects also limit the particle velocity enhancement in 

nanopores. Besides, as demonstrated in Fig. 8, for the 400 mM electrolyte concentration, the 

velocity alters between 5 mm/s to 32.2 mm/s which means more than six times in velocity growth. 

While, for the 1 mM electrolyte concentration, the velocity changes between 23.1 mm/s to 41.5 

mm/s, which means less than two times in velocity growth. Thus, the effect of the slip length on 

the particle velocity in the nanopore is more significant when the electrolyte concentration is 

higher. 

 

Effect of particle size 

Two particles with 5 nm and 10 nm radii are chosen to investigate the effect of particle size on the 

electrophoretic velocity of hydrophobic particles in nanopore. The electrophoretic velocity versus 

slip length is demonstrated in Fig. 9 for these two particles. As shown in Fig. 9, the velocity of 

bigger hydrophilic particle is more than smaller one because of more significant electrostatic forces 

acting on the particle. In fact, when the particle size increases, both electrophoretic and 

hydrodynamic forces grow. However, the increment of electrophoretic force is higher than 

hydrodynamic force. As demonstrated in Fig. 9, the rate of enhancement in the electrophoretic 

velocity due to the hydrophobicity and slip length in a particle with 10 nm radius is more than a 

particle with 5 nm radius. In fact, the reduction in the hydrodynamic force due to the 

hydrophobicity for 10 nm particle is more than 5 nm particle. Besides the effect of electrolyte 

concentration, particle size also affects surface conductance41. By increasing the radius and 

consequently decreasing surface curvature, the impact of surface conduction dwindles. So, for two 

particles with the same surface charge density and different radii, the amount of velocity 

enhancement due to the hydrophobicity is more significant for the bigger particle. 
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Effect of nanopore surface charge density  

 In the previous sections, zero surface charge density was considered on the nanopore walls. An 

electroosmotic flow (EOF) is created in nanopores when the surface charge density is not equal to 

zero. In the case of nanopores and nanoparticles with the same surface charge sign, the 

electroosmotic flow will oppose the electrophoretic motion of the nanoparticle. Another effect of 

non-zero nanopore surface charge density is EDL overlapping. Since the EDL size is in the order 

of nanopore radius, when the electrolyte concentration is low, the particle EDL and nanopore EDL 

affect each other. In Fig. 10, the distribution of positive ions for 100 mM and 1 mM electrolyte 

concentration in the nanopore with 15 nm radius and −15  
mC𝑚2 surface charge density is 

demonstrated. When the electrolyte concentration is equal to 100 mM, the EDLs are not large 

enough to overlap each other. However, for 1 mM electrolyte concentration, the overlapping of 

EDLs is shown in Fig. 10.   Due to the electrophoretic force change, this phenomenon affects the 

particle and EOF velocities. So, in this section, two different electrolyte concentrations are 

considered to study the effect of the surface charge density of nanopores on the electrophoretic 

velocity of hydrophobic particles. In Fig. 11, the velocity distribution and streamlines in the 

nanopores with zero and −15  
mC𝑚2 surface charge densities are demonstrated. The electrolyte 

FIG. 9. The electrophoretic velocity (𝐯𝐩) versus slip length (𝛌𝐩)  for particles with 5 nm and 10 nm radii and -20 
𝐦𝐂𝐦𝟐 surface charge 

density. The radius and surface charge density of nanopore are 25 nm and zero, respectively. The electrolyte concentration is 100 

mM, and the potential difference is equal to 0.1 V.  
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concentration is equal to 100 mM. As shown in Fig. 11, due to the nanopore surface charge density, 

an EOF is created in the nanopore with −15  
mC𝑚2  surface charge density. 

 

 

 

 

 

 

 

 

FIG. 2. The concertation of positively charged ions in the nanopore with 15 nm radius and around the particle with 5 nm radius. 

(a) The electrolyte concentration is 100 mM. 1 nm EDLs are formed around the particle and nanopore walls, and non-overlapping 

condition is occurred in this electrolyte concentration. (b) The electrolyte concentration is 1 mM. 10 nm EDLs are formed around 

the particle and nanopore walls, and overlapping condition is occurred in this electrolyte concentration. 

FIG. 11. Velocity and streamline contours in the nanopore around the particle with zero slip length. The electrolyte concentration 

is equal to 100 mM. The surface charge densities of nanopores are -15 
𝐦𝐂𝐦𝟐 and zero in contour (a) and (b), respectively.   
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In Fig. 12, the electrophoretic velocity of hydrophobic particle is plotted versus particle slip length 

in the nanopores with surface charge densities between −15 𝑚𝐶𝑚2  to −25 𝒎𝑪𝒎𝟐  for (a) 100 mM and 

(b) 1 mM electrolyte concentrations. When the electrolyte concentration is 100 mM, in the cases 

of −15 𝑚𝐶𝑚2 surface charge density, hydrophobic and hydrophilic particles preserve their direction 

toward the cathode. Nevertheless, when the surface charge density of the nanopore is −20 𝑚𝐶𝑚2 and −25 𝑚𝐶𝑚2, the movement directions of hydrophilic and hydrophobic particles are opposite. Thus, by 

adjusting the nanopore surface charge density, the separation of particles based on their 

hydrophobicity could be achieved. In contrast, for the 1 mM electrolyte concentration, because of 

EDL overlapping, the EOF is stronger, and the particle velocity is weaker due to the changes in 

electrophoretic force. In all cases, the movement direction of particles changes. In fact, all 

hydrophobic and hydrophilic particles in this range of nanopore surface charge density move 

toward the anode when the electrolyte concentration is 1 mM. So, in the case of 1 mM electrolyte 

concentration, the separation of hydrophilic and hydrophobic particles cannot be fulfilled.  

 

 

 

 

 

 

 

 

 

 

 

Effect of nanopore size  

To examine the effect of the nanopore size on the hydrophobic particle velocity, the surface charge 

density of nanopore is assigned to −15 𝑚𝐶𝑚2. In Nanopores that are filled with high electrolyte 

concentration and the EDL size is in the order of 1 nm, the electroosmotic velocity is independent 

of nanopore size. In fact, the distance between particle and nanopore is more than the size of EDLs, 

and the non-overlapping condition occurs. This condition is illustrated in Fig. 10 (a). Therefore, 

by increasing the size of nanopore and ratio of nanopore to particle size, the ions distribution 

remains constant. As illustrated in Fig. 13(a), the enhancement velocity of the hydrophobic 

FIG. 12. The electrophoretic veloity (𝐯𝐩) versus slip length (𝛌𝐩)  in the nanopores with different surface charge density when 

electrolyte concentration is (a) 100 mM and, (b) 1 mM. The raduii of nanopore and particle are 25 nm and 5 nm, respectively. The 

surface charge demsity of particle is −𝟐𝟎 𝐦𝐂𝐦𝟐, and the potential difference is equal to 0.1 V. 
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particles with slip length is similar in nanopores with different sizes, which are filled with 100 mM 

electrolyte. When the EDL size is small, the non-overlapping condition occurs in the nanopore, 

and the nanopore size has a negligible effect on the particle velocity. As illustrated in Fig. 13(a), 

the separation could not be fulfilled by more enhancement in nanopore size. So, the nanopore size 

alters between 15nm to 35 nm. Otherwise, the EDL overlapping occurs when the electrolyte 

concentration is 1 mM. This condition can be seen in Fig. 10(b). In this condition, the nanopore 

size has a profound effect on the EOF velocity. The ratio of nanopore to particle size becomes 

important because the ions distribution by changing the nanopore size alters, and affects the 

electric force. So, the proper situation for the separation of particles with various slip lengths could 

be provided. In Fig. 13(b), the nanopore radius changes from 15nm to 55nm. For 15nm, 25nm, 

and 35 nm radii, the EOF is strong enough to move all particles toward the anode. But, when the 

nanopore radius is 45 nm, the particle with 10 nm slip length goes toward the anode, and particle 

with 15 nm slip length moves toward the cathode. In addition, in the case of 55 nm radius, the 

direction of motion of particles with 2.5 nm and 5 nm slip lengths is on the opposite side. 

Therefore, with fixed nanopore wall surface charge density, the particles with different slip lengths 

could be separated just by altering the nanopore size.   

 

 

 

 

 

 

 

 

 

 

 

Resistive pulse sensing  

To investigate the effect of nanoparticle hydrophobicity on the resistive pulse characteristics, the 

surface charge density of a nanopore with 25 nm radius is assigned to zero. As the resistive pulse 

shape changes dramatically with electrolyte concentration, the resistive pulse shapes are generated 

for 100 mM and 1 mM electrolyte concentrations. At high concentrations, only the resistive pulse 

could be observed, but at low concentrations biphasic (resistive and conductive) pulse is 

FIG. 13. The electrophoretic veloity  (𝐯𝐩) versus slip length (𝛌𝐩)  in the nanopores with different radii when the electrolyte 

concetration is (a) 100 mM, and (b) 1 mM. The surface charge density of nanopore and particle are −𝟏𝟓 𝐦𝐂𝐦𝟐 and −𝟐𝟎 𝐦𝐂𝐦𝟐, 

repectively. The raduis of particle is 5 nm, and the potential difference is 0.1 V.  
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demonstrated58. For the examination of the hydrophobicity effect on the resistive pulse, the slip 

length will be changed while other parameters are constant. The particle velocity along the 

nanopore at different locations is required to demonstrate the time-current results of the resistive 

pulse. In Fig. 14, the particle velocity versus the height of the domain is illustrated. As it is 

expected, the velocity of particles with more considerable slip length are more significant in the 

entire domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two crucial features define a resistive pulse, namely duration and amplitude. These two 

characteristics can determine the nanoparticle properties like size, surface charge density, and 

shape. As shown in Fig. 14, the velocity difference for particles with 15 nm and 20 nm slip lengths 

is tiny. As a result, the ionic current lines of these two particles were not distinguishable. So, in 

Figs. 14 and15, the ionic currents for particles with 0 to 15 nm slip lengths are indicated. Fig. 15 

shows the ionic currents for 100 mM electrolyte concentration versus the time for particles with 

different slip lengths. As mentioned, since the electrolyte concentration is high, just current 

blockage occurs by moving the particle through the nanopore. There are trivial differences in the 

amplitude of the resistive pulses. In fact, at 100 mM electrolyte concentration, particles having 

higher slip length will generate higher pulse amplitude. However, the significant variation is the 

duration of the resistive pulses. The duration is directly related to the particle velocity. When a 

particle moves faster through the nanopore, the duration of the resistive pulse will be shorter. So, 

as illustrated in Fig. 15, the pulse duration of the hydrophilic particle is much more than 

hydrophobic particles. In Fig. 16, the ionic current for 1 mM electrolyte concentration is 

demonstrated. As the electrolyte concentration is low, the resistive pulses have both current 

(a) 
(b) 

FIG. 14. The electrophoretic velocity  (𝐯𝐩)  versus z (𝛍𝐦) for various slip lengths (𝛌𝐩)   when the electrolyte concentration is (a) 

100 mM, and (b) 1 mM. The radii of particle and nanopore are 5 nm and 25 nm, respectively. The surface charge densities of  

nanopore and particle are zero and −𝟐𝟎 𝐦𝐂𝐦𝟐, respectively. A potential difference of 0.1 V is applied on the reservoirs.  
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blockade and current enhancement. In this case, the amplitudes of resistive pulses are similar with 

respect to slip length. But, the pulse durations of particles with various slip lengths are totally 

distinguishable. Thus, by ignoring the effect of the slip length in hydrophobic particles, The 

characterization of the nanoparticles with the resistive pulse sensing method can yield inaccurate 

results. Furthermore, the resistive pulse technic has the potential to be used for the determination 

of particle slip length by the pulse analysis.  

FIG.  15. The ionic current versus time for the 100 mM electrolyte concentration. 

FIG. 16.  The ionic current versus time for the 1 mM electrolyte concentration. 

 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
6
4
5
4



Accepted to Phys. Fluids 10.1063/5.0136454

20 

 

4. Conclusions 

This study investigates the electrophoretic motion of hydrophobic particles in the nanopore. The 

PNP-Stokes equations are solved simultaneously with a finite element package. The Navier slip 

condition is imposed on the particle surface to characterize hydrophobic particles. The 

influences of different parameters like the electric field, the electrolyte concentration, the particle 

radius, the nanopore surface charge density, and the nanopore radius on the electrophoretic 

velocity of hydrophobic particles are investigated. The rate of velocity enhancement with the 

electric field is more significant for the particles with more immense slip lengths than the 

hydrophilic particle. The bulk concentration also plays a crucial role in the velocity growth with 

slip length. The velocity boost due to the hydrophobicity is much more than the lower electrolyte 

concentration in the higher electrolyte concentration. Furthermore, the effect of the particle radius 

on the velocity of hydrophobic particles is studied. The results show that by slip 

length enhancement, the particle with a lower radius due to the non-linear effects like EDL 

polarization and surface conductance experiences a lower increase in its velocity than a particle 

with a larger radius. In addition, the influence of the nanopore surface charge density for two 

distinguished electrolyte concentrations was studied. The separation of hydrophobic and 

hydrophilic particles can be achieved by adjusting nanopore surface charge density and electrolyte 

concentration. The velocity of hydrophobic particles in nanopores with different radii is 

investigated. The results show that when the EDL overlapping occurs in the nanopore, the growth 

in the velocity due to the slip length increasing is less than in the non-overlapping condition. Also, 

it is ascertained that by regulating nanopore size, nanopore surface charge density, and electrolyte 

concentration, particles with distinct slip lengths can move in opposite directions and be separated. 

At last, the resistive pulse shape for hydrophobic particles in two electrolyte concentrations is 

studied. By increasing the slip length, the resistive pulse duration for both electrolyte 

concentrations dwindles. So, by ignoring the slip length in a particle with hydrophobic 

characteristics, the results will be fallacious.  
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FIG. 1. 2D axisymmetric numerical domain, including the hydrophobic nanoparticle, nanopore, and reservoirs. The particle is 

originated at the center of nanopore. The two reservoirs are filled with electrolyte solution.  
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FIG. 2. The unstructured meshing of the numerical domain with finer elements near the particle and walls of the nanopore and 

coarser elements in the reservoirs. The size of elements on the surface of the particle and walls must be small enough to be able to 

capture the EDL. 
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FIG. 3. Mesh independency plot. The vertical axis is the electrophoretic velocity (𝐯𝐩) and the horizental axis is the number of 

elements. In this case the potential difference is 0.1 V, the particle and nanopore radii are 5 nm and 25 nm, respectively. The 

electrolyte concentration is equal to 100 mM. Finally, the surface charge density of particle and nanopore are −𝟐𝟎 𝐦𝐂𝐦𝟐 , and −𝟐𝟓 𝐦𝐂𝐦𝟐 , 𝐫𝐞𝐬𝐩𝐞𝐜𝐭𝐢𝐯𝐞𝐥𝐲. 
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FIG. 4. Validation of the present numerical method with analytical work of Ennis and Anderson57. The relative mobility is plotted 

versus ratio of the particle radius to the nanopore radius. The radius and zeta potential of nanoparticle are 1 nm and 1 mV, 

respectively.  
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FIG. 5. Validation of ionic current calculation with the experimental and numerical research of Jubery et al17. The normal ionic 

current (nA) is plotted versus time (ms). The numerical results of this study match well the experimental and numerical results of 

Jubery et al17.
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FIG. 6. The electrophoretic velocity (𝐯𝐩) versus potential difference (𝛗𝟎). The particle and nanopore radii are 5nm and 25nm, 

respectively. The charge density of particle and nanopore surfaces are −𝟐𝟎 𝐦𝐂𝐦𝟐 and zero, respectively. The electrolyte concentration 

is equal to 100 mM. Each line represents the electrophoretic velocity of a particle with a specific slip length. 
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FIG. 7. Distribution of counter ions around -20 
𝐦𝐂𝐦𝟐 charged hydrophobic particles with 5nm raduis in the electrolyte concentrations 

of a) 1 mM, b) 50 mM, and c) 400 mM. The EDL sizes for 100 mM and 1mM electrolyte concentrations are around 1nm and 10 

nm, respectively. The deformation of the EDL due to the polarization effect can be obviously observed in Fig. (a). 
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FIG. 8. The electrophoretic veloity (𝐯𝐩) versus slip length (𝛌𝐩)  for a wide range of electrolyte concentrations. The particle and 

nanopore radii are 5nm and 25 nm, respectively. The surface charge densities of particle and nanopore are -20 
𝐦𝐂𝐦𝟐 and zero, 

respectively. The potential difference is 0.1 V. Each line represents the velocity of particles in a specific electrolyte concentration.   
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FIG. 9. The electrophoretic velocity (𝐯𝐩) versus slip length (𝛌𝐩)  for particles with 5 nm and 10 nm radii and -20 
𝐦𝐂𝐦𝟐 surface charge 

density. The radius and surface charge density of nanopore are 25 nm and zero, respectively. The electrolyte concentration is 100 

mM, and the potential difference is equal to 0.1 V.  
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FIG. 10. The concertation of positively charged ions in the nanopore with 15 nm radius and around the particle with 5 nm radius. 

(a) The electrolyte concentration is 100 mM. A 1 nm EDL thickness is formed around the particle and nanopore walls, and non-

overlapping condition is occurred in this electrolyte concentration. (b) The electrolyte concentration is 1 mM. A 10 nm EDL 

thickness is formed around the particle and nanopore walls, and overlapping condition is occurred in this electrolyte concentration. 
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FIG. 11. Velocity and streamline contours in the nanopore around the particle with zero slip length. The electrolyte concentration 

is equal to 100 mM. The surface charge densities of nanopores are -15 
𝐦𝐂𝐦𝟐 and zero in contour (a) and (b), respectively.   
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FIG. 12. The electrophoretic veloity (𝐯𝐩) versus slip length (𝛌𝐩)  in the nanopores with different surface charge densities  while 

electrolyte concentration is (a) 100 mM and, (b) 1 mM. The raduii of nanopore and particle are 25 nm and 5 nm, respectively. 

The surface charge density of particle is −𝟐𝟎 𝐦𝐂𝐦𝟐, and the potential difference is equal to 0.1 V. 
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FIG. 13. The electrophoretic veloity  (𝐯𝐩) versus slip length (𝛌𝐩)  in the nanopores with different radii while the electrolyte 

concetration is (a) 100 mM, and (b) 1 mM. The surface charge density of nanopore and particle are −𝟏𝟓 𝐦𝐂𝐦𝟐 and −𝟐𝟎 𝐦𝐂𝐦𝟐, 

repectively. The raduis of particle is 5 nm, and the potential difference is 0.1 V.  
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(a) 

(b) 

FIG. 14. The electrophoretic velocity  (𝐯𝐩)  versus z (𝛍𝐦) for various slip lengths (𝛌𝐩)   while the electrolyte concentration is (a) 

100 mM, and (b) 1 mM. The radii of particle and nanopore are 5 nm and 25 nm, respectively. The surface charge densities of  

nanopore and particle are zero and −𝟐𝟎 𝐦𝐂𝐦𝟐, respectively. A potential difference of 0.1 V is applied on the reservoirs.  
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FIG.  15. The ionic current versus time for the 100 mM electrolyte concentration. 
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FIG. 16.  The ionic current versus time for the 1 mM electrolyte concentration. 
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