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Abstract

The ion concentration polarization (ICP) phenomenon occurs widely near nano-channel/membrane interfaces. Due to its
extraordinary selective ion transport ability, ICP has been applied in many fields, such as desalination, molecular pre-
concentration and biomolecular separation. This paper is devoted to describing the transport mechanism of buffer ions at
micro—nanochannel interfaces. Here, a multiphysics coupling model is proposed, where the boundary condition for the
fixed surface voltage is introduced to describe the effect of nanochannel networks. The effectiveness of the proposed model
and the calculation process is confirmed through comparative simulations. Comparing the simulations with experimental
ICP results shows that the proposed model can effectively describe the nonlinear distribution of electric fields and a typical
vortex pair from flow phenomena. An analytic scaling law for the propagating ion depletion zone (IDZ) is proposed, and a
theoretical analysis and numerical results confirm its existence. For transient evolution, the IDZ spreads as \/; due to diffu-
sion for 1< 0.01 s and as ¢ due to convection from 0.01 s <7< 0.1 s. Furthermore, detailed studies are performed to elucidate
the ICP mechanism for desalination. The factors affecting desalination are investigated, including the buffer concentration,
length and performance of the nanochannel network, height of the microchannel and the tangential electric field. Finally,
the proposed research confirms that this device also has excellent potential as a micromixer pump. The rapid mixing of
neutral particles can be realized using nonlinear electrokinetic flows with a mixing efficiency reaching 91%. The presented
results provide some important guidance and physical insights into the design and optimization for this kind of chip and
other related applications.

Keywords Ion concentration polarization - Micro—nanochannel - Propagating ICP - Electroosmotic flow - Concentration
microchip
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Subscripts

1 Cations
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3 Particles

Introduction

When a series of nanofluidic channels are used to connect
two microscopic channels, the electrolyte solution is forced
to pass through the nanochannels when subjected to a tan-
gential electric field (E,). Overlapping electric double layers

Fig. 1 Schematic diagram for (a)
concentration micro—nanoflu- Ei,

(EDLSs) cause nanofluidic channels to have an ion-selective
functionality, which can cause the accumulation/enrichment
of charged species on one side and a depletion on the other
side of the micro—nanochannel in a process known as ion
concentration polarization (ICP). As shown in Fig. 1a, b, the
ICP induces a normal electric field (E,), which in turn trig-
gers vortices in the micro—nanochannel interfaces. Based on
its ion depletion and vortex characteristics, the micro—nano-
channel has been widely used as a seawater desalination chip
(Nikonenko et al. 2014; Kim et al. 2010; Deng et al. 2015),
concentration micromixer pump and other applications,
attracting widespread attention from researchers.
Desalination has the greatest potential application for
concentration microchips. For example, the process of
converting salt to fresh water via ICP has been previously
reported (Kim et al. 2010). During operation, both salt solu-
tions and larger contaminant particles are pushed away from
the ion selective nanochannels. A promising desalination
technology is proposed by combining capacitive deioniza-
tion with a battery system, which has a rapid ion removal
rate and an excellent stability in an aqueous sodium chloride
solution (Lee et al. 2014). In addition, the electrochemically
mediated desalination of seawater was presented numerically
by Hlushkou et al. (2016), but its desalination efficiency was
far lower than that of the ICP (Kim et al. 2010). To improve
the desalination efficiency, it is necessary to further analyze
the mechanism and influencing factors of ICP desalination
through both experimental and theoretical studies. The first
direct measurements for the detailed flow and electric poten-
tial profiles within and near the ion depletion zone (IDZ)

()
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were reported by Kim et al. (2009). The measurements
confirmed that the electric field inside the IDZ is amplified
more than 30 times compared with the field outside the IDZ.
However, there are many difficulties when measuring the full
set of data (ion concentration and ion flux) in micro—nano-
channels. Theoretical and numerical simulations are needed
to further understand ICP phenomena.

For the ICP, a one-dimensional numerical analysis was
performed by Dukhin (1991). The results showed that the
tangential electric field exerts a force on the local space
charge layer, leading to liquid movement along the interface
analogous to an electroosmotic slip. Rubinstein and Zaltz-
man (2000) developed a theoretical model to analyze the
electroconvective instabilities near a horizontal permselec-
tive surface. Based on a similar mathematical framework,
a number of computational works using direct numerical
simulation (DNS) have been performed using the Pois-
son—Nernst—Planck and Navier—Stokes equations. Their
results indicated that the perturbed ion concentration layer
induces a non-uniform electric field, which then triggers a
stable vortex (Dydek et al. 2011; Pham et al. 2012) or even
chaotic vortices (Shi and Liu 2018; Demekhin et al. 2013;
Luo et al. 2016). Theoretically, Rubinstein and Zaltzman
indicated that relaxing the assumption of perfect ion selec-
tivity allows for equilibrium electroconvective instabilities
(Rubinstein and Zaltzman 2015). A comprehensive numeri-
cal analysis of the transport processes associated with elec-
trohydrodynamic chaos was presented by Druzgalski et al.
(2013), which demonstrated that these instabilities have sig-
nificant impacts as the flow behavior transitions from coher-
ent vortex pairs to fully chaotic multi-layer vortex structures.

Experimentally, the nonlinear electrokinetic flow across a
nanoporous membrane was studied by Yossifon and Chang
(2008), who revealed that the thickness of the ion depletion
zone (IDZ) obeys a self-similar scaling law of \/Et Here,
D is the diffusion coefficient and ¢ is the time. Mani et al.
(2009) and Zangle et al. (2009) developed a one-dimensional
concentration shockwave equation to describe the depletion
propagation. For a constant current model, they found that
the enrichment and depletion zone propagation spread as ¢.
However, for a constant voltage model, Zangle et al. (2010)
found that the IDZ propagation spread as \/; In addition,
Zangle et al. (2010) reviewed the current state of theory and
experimental methods of CP propagation.

Based on the characteristics of an amplified electric
field and nonlinear flow, micro—nano channels can be
widely used to manipulate electrokinetic molecular con-
centrations. Duan and Majumdar (2010) estimated that
the electrophoretic mobility (EPM) of monovalent ions in
2 nm hydrophilic nanochannels is four times larger than
that for bulk solutions. In addition to the concentration
boundary conditions of the membrane surface, the bound-
ary condition of a fixed charge density was proposed by

Yeh et al. (2012). Based on a verified continuum-based
model, the electric field-induced ion transport and the
resulting conductance in a PE-modified nano-pore were
investigated for the first time. Jia and Kim (2014) further
used a similar model and boundary conditions to analyze
the preconcentration of particles in micro—nanochan-
nels. Their results indicated that the tangential electric
field strength has an important effect on the enrichment of
the particle concentrations. Shen et al. (2010) simulated
the protein preconcentration process in a microchannel
embedded with Nafion membranes. They used a constant
zeta potential (Jia and Kim 2014; Shen et al. 2010) to
describe the wall charge effect, but ignored the effects of
the amplified zeta potential (Kim et al. 2009) on the par-
ticle preconcentration.

Recently, our group (Li et al. 2017) reported a multi-
physics model that is distinct from the previous assump-
tions (using the surface charge density to describe charged
sidewalls). Based on the multi-physics model, some new
physical insights regarding the particle preconcentration
phenomenon were obtained, such as the mechanism of
particle enrichment and replacement of particles for buffer
co-ions. More recently, Ouyang et al. (2018) performed a
detailed experimental and theoretical analysis of the electro-
kinetic molecular concentration based on the previous multi-
physics model. Using the flux equation for one-dimensional
ion transport, they derived the scaling laws for the particle
concentration. Their analyses also confirmed that the previ-
ous multi-physics model is reasonable under some certain
assumptions. Unfortunately, a definition of the cross-nano-
channel voltage V., was introduced in the previous model;
however, it is difficult to define this in real experimental
systems (Kim et al. 2009). Besides, the concentration chip
can also be used for the design of a micromixer based on
nonlinear electrokinetic flow (Mishchuk et al. 2009; Chiu
et al. 2013; Choi et al. 2015); it is necessary to perform
related research on transport mechanisms.

Numerical simulations for the full 3D analyses of the
electrokinetic phenomena were performed by Adler’s and
Yi’s group in Marino et al. (2001), Coelho et al. (1996)
and Luo et al. (2018). Although researchers have carried
out many numerical studies for the ICP, there is a large gap
between the theoretical predictions and the experimental
data. For example, Jia and Kim (2014) found a vortex on
the nanochannel surface at a length of 100 pm. However,
the length of the membrane or nanochannel network is only
4 pm in the majority of ICP experiments (Kim et al. 2009).
For this common membrane at only around 4 pm in length,
vortices cannot be obtained based on this previous theoreti-
cal model (Jia and Kim 2014). In addition, a linear variation
of the voltage drop was discovered along the microchannel
based on their model, which is different from the existing
experimental results.
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Here, we further investigate the numerical research on
ICPs to explain the vortex generation and ICP desalination
mechanism in channels with a feature length of 10 pm. In this
paper, we employ the concentration-dependent zeta potential
to describe the amplified zeta potential near the micro—nano-
channel interfaces, in which a fixed surface voltage and a
certain cation concentration are proposed to describe the
nanochannel network. Then, a multi-physics coupling model
for the concentration chip is established. Firstly, a reasonable
theoretical model is developed to explain the mechanism of
ion transport, where a fixed surface voltage is introduced to
describe the effect of the nanochannel network. By neglect-
ing the surface voltage boundary, an excellent agreement is
obtained between the prediction from the proposed model
and a previous model (Jia and Kim 2014). In particular, by
comparing the results here with experimental results for the
voltage distribution (Kim et al. 2009) and the vortex stream-
lines (Kim et al. 2008), it is confirmed that the surface volt-
age boundary condition is necessary to describe the effect
of nanochannel networks.

Therefore, based on our proposed theoretical model,
numerical simulations are systematically performed to
discuss the effects of the buffer concentration, length and
performance of the nanochannel network, height of the
microchannel and tangential electric field on the desalina-
tion efficiency. We also identify mechanisms that propa-
gate ICP under tangential electric fields. It is seen that
the IDZ initially spreads as \ﬂ for 1<0.01 s and as ¢ for
0.01 s<t<0.1 s. Finally, the possibility of this concentra-
tion chip as a micromixer pump is evaluated. The proposed
simulation may be helpful to understand the mechanism of
ion transport near the micro—nanochannel interfaces and to
advance the development of ICP applications.

Physical models

Figure 1b shows a schematic illustration of a micro—nano-
channel ICP device in which the nanochannel network is
integrated between two microchannels. In fact, the porous
structure containing nanoscale pores with charged surfaces
has the same ion-exclusion effects and ICP functionalities
as a permselective membrane. In view of these facts, the
hybrid micro—nanochannel model can be simplified as a
model of two microchannels integrated with a membrane,
where the membrane surface uses a fixed cation concentra-
tion and applied voltage to describe the effect of the nano-
channel network. Based on the coupled governing equations
with appropriate boundary conditions, one can investigate
the non-equilibrium electrokinetic instability flow and IDZ
near the nanochannel network.
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The parameters for a concentration chip include a micro-
channel of length L and height H and a nanochannel network
with length L centered at the bottom of the microchannel,
as shown in Fig. 1d. The channel is filled with an electrolyte
and, for simplicity, the system is assumed to be symmetric
and binary (such as for NaCl). To achieve electroosmotic flow
(EOF), an external electric field is often required for the sys-
tem, which means that there is an electric potential difference
at both ends of the microchannel. If the wall of the microchan-
nel is negatively charged with a density o_, the number of
cations in the microchannel is greater than that of the anions.
The electric forces acting on the net charges in the solution
induce an EOF from the left to the right; thus, the left end of
the microchannel is referred to as the inlet and the right end
as the outlet. The inlet of the microchannel is connected to a
bulk solution, in which the concentrations of both cations and
anions are equal at bulk concentration c,. Only the electroki-
netic phenomena are studied here, so, for convenience, it is
assumed that the pressures at both ends of the microchannels
are zero and that only cations can pass through the surface of
the nanochannel network under the applied voltage V,,. This
assumption is consistent with a strong ion depletion effect,
which means that a stronger vortex causes the cations to pass
into the nanochannel network.

Theoretical modeling

Equations are provided in this section to establish the theo-
retical model for the electrokinetic transport simulation in two
microchannels linked with a nanochannel network.

Concentration field

According to the theory of ionic transport, ¢; = c¢;(x,y,?),
¢y, = ¢p(x,y,1) and c3 = c5(x,y, 1) denote the concentrations
of the cations, anions and particles, respectively. The conserva-
tion laws for these species are

dc; v

-~ ="V (1)
where J, = J,(x,y,1), J, = J,(x,y, 1) and J; = J5(x,y,¢) are
the associated fluxes; and V = (0/0x, d/dy) is the spatial
gradient operator. Under the assumption of a dilute solu-
tion, the flux densities are expressed by the Nernst—Planck
equations as

D,F
Ji=- <Dchi + ZiﬁcchD> + Uc,, 2)

where F is the Faraday’s number, R is the ideal gas con-
stant, T is the absolute temperature, @ = @(x,y, 1) is the
electric potential, U = U(x, y, t) is the fluid velocity, Z,, Z,
and Z, are the valences for the cations, anions and particles,
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respectively, and D,, D, and D5 are the diffusion coefficients
of the cations, anions and particles, respectively.

Electric field

The electric potential can be determined from Poisson’s
equation:

V- (e0)e V@) = —p,, A3)
where €,(c) is the permittivity of the solvent as a function
of the ionic concentration and ¢, is the vacuum permittivity.
Here, the dielectric constant as related to concentration satis-
fies the following relationship: (Peng and Li 2015)

£.(c) = (1 = 3.742 x 107*Tc 4 0.034¢> — 0.178¢
+1.515% 107 — 4.029 x 107°7?),

where T is the temperature of the liquid (°C), c is the ionic
concentration (mM) of the solution, and &y is the relative
dielectric constant of water at a reference temperature of
27 °C. So, the regular range of the relative dielectric con-
stant for the NaCl solution is from 0.001 to 5 mol/L at the
reference temperature of 27 °C.

As there are two kinds of charged ions, cations and ani-
ons, the charge density p, = p.(x,y, f) can be expressed as

Pe = e(Zlcl + 2262), 4)
where e is the elementary charge, Z; is the cation valence,
and Z, is the anion valence.

Duan and Majumdar estimated that the EPM of monova-
lent ions in 2 nm hydrophilic nanochannels is 4 times larger
than that for bulk solutions (Duan and Majumdar 2010).
Based on these experimental results, the EPM effects can
be considered as similar to the previous model. For the
membrane, a fixed volumetric charge on the surface of the
nanochannel network is added to the right-hand side of the
Poisson equation as V - (,(c)e,V®) = —p, — pg, for the
micro—nanochannel zone. Here, a pg, of 0.001 mC/m?® is
used.

Flow field

The fluid in a microchannel can be considered as incom-
pressible and can thus be described using the Navier—Stokes
(NS) momentum equations and the continuity equation:

ou
P52 = =VP+4V - VU + p.E — p(c)g, 5)

V-U=0, (6)
where U is the fluid velocity; P = P(x,y, t) is the pressure,
p(c) and n are the density and the dynamic viscosity, respec-
tively; p E is the electrostatic force applied to the fluid where

E = —V® is the applied electric field; and the final term
—pg is the buoyancy produced from the variations in the
density, where g is the gravitational acceleration (Karatay
et al. 2016). Using the Oberbeck—Boussinesq approxima-
tion, the fluid density p can be assumed to be a linear func-
tion of the salt concentration c as p(c) =p, + fic, where p,
is the density of the fluid at the reference concentration c,
¢ = (c¢| + ¢, + ¢3)/3 is the average ionic concentration, and
f is the coefficient of the volumetric expansion.

Boundary conditions

Electrical double layers are overlapped on the nanochannel,
which functions as having the same permselective effect as
a membrane. The nanochannel only allows cations to pass
through, indicating that the fluxes for the anions and par-
ticles are zero on the surface of the nanochannel network.
Similar to a previous approach (Rubinstein and Zaltzman
2008), the concentration of cations at the surface of the nan-
ochannel network is assumed to be at a fixed concentration
in the nanochannel, and the electric potential at the network
surface is assumed as a given low potential value V. due
to the existence of the electrical double layers. In addition,
it is assumed that the surface of the nanochannel network
is impermeable to fluids and has a no-slip condition for
the velocity and a zero-gradient condition for the pressure.
Considering this, the corresponding equations describing
the surface of the nanochannel network are given as follows:

J,n=J;n=0,C,=2-C;0=V,,;U=0 @)
where n is the outward normal vector of the boundary
surface.

As the channel walls are impermeable to ions, the fluxes
for all particle species are considered to be zero. In addi-
tion, an electroosmotic slip boundary condition is utilized to
simulate the EOF across the channel. For the EOF, it can be
assumed that the channel walls meet the zero-gradient condi-
tions for pressure. In summary, the corresponding boundary
conditions for the channel walls can be expressed as

Ji - n=0;uy,=—€C()E,/n (8)
where the flow velocity at the channel walls ug;, is approxi-
mated by the Helmholtz—Smoluchowski electroosmotic
slip equation, ¢ is the permittivity of the buffer solution,
E, is the tangential electric field, # is the viscosity of the
solution, and the zeta-potential {(c) is related to concentra-
tion at the charged wall surface and can be expressed as
{(c) =201og;(cn,t) (Revil et al. 1999a, b).

The inlet of the microchannel is often connected to a res-
ervoir; therefore, the ion concentrations and the pressure
at the inlet can be assumed to be the same as those in the
reservoir. A given electric potential V| and zero-pressure
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boundary conditions are utilized at the inlet of microchannel,
giving the following corresponding equations:

C,=C,=Cp;@=V;;VU-n=0;P =0. )

In addition, the boundary conditions for the microchannel
outlet are assumed to be

VC,-n=0;0=V;VU-n=0;P=0. (10)

Numerical methods and parameter setting

The presented theoretical model for the electrokinetic trans-
port simulation can be expressed as Eqgs. (1)—-(6) together
with the boundary conditions from Egs. (7)—(10), which can
be calculated using the finite element method. More details
on this process can be found in Karatay et al. (2015). The
computational domain is meshed using quadrilateral ele-
ments, where a finer grid size is applied near the surface of
the nanochannel network as well as for the entrance and exit
of the microchannel. The Poisson—Nernst—Planck (PNP) and
NS equations are solved iteratively. At each time step, the
PNP equations are solved using the velocity field from the
previous step, and the volumetric electric force is then calcu-
lated and used to solve the NS equations. Since the voltage is
slowly loaded in the experiment (Kim et al. 2009), a slowly
increasing voltage is used to simulate this ICP phenomenon.
The parameters used in the simulations are given in Table 1.

Before continuing into a detailed discussion, a simplified
model is recalculated to validate the numerical process. By
neglecting the surface voltage and no-slip boundary con-
ditions caused by the nanochannel network, the presented
theoretical model can be used to research a simplified model,
as presented by Jia and Kim (2014). The comparison for
the theoretical results from the presented model and that
from the previous model is given in “Appendix A”. For this
simplified model, an excellent agreement between the pre-
diction from the proposed model and the previous model is

Table 1 Values for the parameter used in the simulations

Parameter Value Parameter Value

L 110 pm Z, +1

H 10 pm Z, -1

L, 5 pm co 1 mM

T 300K ur 4.-Vy

£ £,(c) ¢ 4]

p p(c) Vi 26 mV

n 1073 Pas Po 1040 kg/m’
D, 1.34 x 10 m?/s Ps 1000 kg/m*
D, 2.03x 10 m?/s p 70 kg/mol
D, 1 x10710m?/s Con 2mM
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achieved. As a result, the presented numerical calculation
process is considered to be valid.

Results and discussion

In this section, the multiphysics coupling mechanism for
the micro—nanochannel concentration chip is numerically
emphasized for a desalination plant and micromixer. The ion
concentrations, flux and fluid velocities are all calculated.
From the results, it is found that there is a strong fluid flow
induced by the ICP near the surface of the nanochannel net-
work. This ICP phenomenon can form an ion depletion zone
or a mixing zone, where desalination or particle mixing is
effectively attained. Therefore, this micro—nanochannel can
be used for either desalination or a micromixing.

Model validation

Direct measurements of the detailed flow and electric
potential profiles (see Fig. 2b) within and near the deple-
tion region were reported by Kim et al. (2009) Using micro-
fabricated electrodes integrated with the microfluidic device,
they measured the electric potential and electrical field at
different points along the microchannel. The experimental
results show that the electric potential dropped linearly in
the buffer zone, had a drastic drop in the IDZ, and finally
increased linearly in the desalted zone along the microchan-
nel. We provide these same voltages as calculated using the
proposed model and the previous model as a comparison,
as shown in Fig. 2b. The previous theoretical results show
that the electric potential decreases linearly along the micro-
channel, which is significantly different from the nonuni-
form distribution of the electric potential as measured from
the experiments (Kim et al. 2009). However, the theoretical
predictions from the presented model are considerably coin-
cident with the experimental data. In comparison, it can be
seen that our theoretical model can satisfactorily describe
the nonuniform distribution of the electric potential for the
micro—nanofluidic channel. With the formation of the IDZ
and the space charge layer, the fluid accelerates and rotating
vortices are generated at the micro—nanochannel interfaces.
The non-equilibrium electrokinetic micro—nanofluidic mixer
was proposed and its mixing performance was demonstrated
by Kim et al. (2008). They directly measured the fluorescent
intensity of particles along the microchannel, which reflect
the vortex structure that leads to the mixing effect.

The theoretical predictions for particle mixing are gener-
ated using the proposed model and the previous model, as
given in Fig. 2a. The theoretical predictions for micromixing
using the previous model have evident differences with the
experimental results (Kim et al. 2009). From the experimen-
tal results shown in Fig. 2a, c, there is a vortex pair structure
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Fig.2 a The experimental
micromixing results in the
micro—nanochannel (Kim

et al. 2008) and the theoretical
predictions from the presented
model. b The electric potential
distribution in the micro—nano-
channel. ¢ The normalized mix-
ing index (r) along the channel,
[red solid line: our theoretical
prediction; blue line: theoretical
results by Jia and Kim (2014);
black solid line: experimental
data (Kim et al. 2008)]
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that enhances the mixing effect. However, in the theoreti-
cal results generated using the previous model, there is no
vortex pair structure near the surface of the nanochannel
network, indicating that it cannot produce the corresponding
mixing effect when the length of the nanochannel network
is around 4 pm, as is used in real systems (Kim et al. 2009).
In fact, when using the previous model (Jia and Kim 2014),
a vortex structure, but not a vortex pair structure, can only
be obtained when the length of the nanochannel network
approaches 100 pm, which is much larger than the actual
length of the nanochannel network. In comparison, it can be
seen that the theoretical predictions from the present model
are considerably coincident with the experimental data when
the length of nanochannel network is around 4 pm (Kim
et al. 2009). Based on the comparisons with the experimen-
tal results for the voltage distribution (Kim et al. 2009) and
the flow pattern (Kim et al. 2008), it is confirmed that intro-
ducing the surface voltage to describe the effect of the nano-
channel network is necessary when performing simulations.

Time evolution of the IDZ under a tangential electric

field

Figure 3a depicts the concentration distribution of ions in
the micro—nanochannel at different stages. At the beginning
(t=0s), the ion depletion effect is not significant. This is
because the energy barrier is relatively low, which leads to
more ions that can pass through the area above the nano-
channel network, leading to a lower desalination efficiency.

From Fig. 3a, it can be seen that the IDZ region begins to
form after t=0.01 s. The ICP region gradually develops
under the action of the EOF as time progresses, and the ion
depletion zone forms in the downstream of the micro—nano-
channel. As a result, effective seawater desalination can be
achieved.

Figure 3b gives the ion concentration distribution at dif-
ferent times in the micro—nanochannel. It is seen that the
anion concentration is nearly constant in the downstream of
the micro—nanochannel. These theoretical results are in good
agreement with the experimental and theoretical observa-
tions (Kim et al. 2009; Jia and Kim 2014). Figure 3c repre-
sents time evolution of the space charge density at the center
line of the electrokinetic channel. For < 0.01 s, the space
charge layer becomes thicker with r. However, for > 0.01 s,
the space charge layer becomes thinner with time.

An interesting observation for the time evolution of the
ion depletion length under tangential electric field conditions
(V> Vy) is shown in Fig. 3d. It can be seen that the evolu-
tion of the depletion length varies nonlinearly (\/;) with
time for < 0.01 s. However, for £>0.01 s, a linear depletion
thickness growth with a scaling of ¢ is observed.

Generally, the extension velocity of the ion depletion
layer can be defined as U, = dx,/dt. Here, x, is the length
of the ion depletion layer, as shown in Fig. 3a. In fact, the
propagation velocity of the ion depletion layer within the
microchannel is contributed to by the flux, as shown in
Fig. 5c. Using this observation, the propagation velocity of
the depletion layer can also be defined as U, = J;/c,. For
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t<0.01 s, the bulk flow has not yet developed, so it can be
ignored. The flow of the fluid near the nanochannel network
exhibits the second kind of EOF characteristics, which is
consistent with previous reports (Li et al. 2017; Ouyang
et al. 2018). Recently, the Demekhin group (Kalaidin et al.
2010; Demekhin et al. 2011) reported that the flux of the
IDZ near an ion selective surface has a self-similarity scal-
ing law of J(¢) = 2j\/2, where j is the cation flux at the sur-
face of the nanochannel network. Using this approximation,
we derive a one-dimensional description for the IDZ propa-
gation for 1< 0.01 s as:
d .
3% =di/e;~iVi/e; (11
For t<0.01 s, the EOF and vortex have not full developed,
indicating that the convection flux can be neglected. There-
fore, the diffusion flux of the nanochannel network surface
can be satisfied by j ~ O(j,), where j, = H/(2zeDc,) is the
diffusion flux. In addition, the ion concentration in the deple-
tion layer is approximately proportional to the vortex height
hgo, as ¢;/cy ~ hgo, /H. This approximate relationship is
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often used to estimate the concentration distribution of the
depletion layer (Dydek et al. 2011). Therefore, the scaling
law for the IDZ propagation can be simplified as %xd ~ \/;
This observation is in a good agreement with our numerical
results (see Fig. 3d).

It is worth noting that this scaling law is fundamentally
different from the observations of Yu and Silber, which
scales as ¢ (Yu and Silber-Li 2011). To explain this discrep-
ancy, Fig. 5Sc illustrates that the temporal and spatial vari-
ations in the flux approximately satisfy the self-similarity
scale (J(¢) ~ 2j\/z:) for 1< 0.01 s at the diffusion regime. In
the derivation of the Yu and Silber model, the time evolu-
tion of the flux is neglected and the total flux is considered
to be a constant, which gives a linear growth that scales as t.

For 0.01 s<#<0.1 s, the vortex is fully developed, and
the depletion layer expands downstream of the channel to
form a fully developed depleted zone. Therefore, we can
think of the local electric field and the flow velocity as con-
stant values. Using these approximations, one can obtain
the following scaling law for the propagation velocity of the
one-dimensional IDZ, where ¢ is a constant:
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It can be seen from Eq. (12) that the scale for the propaga-
tion velocity of the depletion zone is a constant velocity ¢,
which is in good agreement with our simulation results. In
other words, in the one-dimensional description, the propa-
gation velocity of the depletion zone is determined from the
convection flux. However, it is interesting to note that the
scaling law for the constant propagation velocity ¢ is differ-
ent from the scaling law given by Zangle et al. (2010) They
found that the propagation of the IDZ also spreads as \/; for
a constant voltage model. To explain this discrepancy, it is
necessary to analyze the experimental configurations and
theoretical derivation process.

In the experimental configuration from Zangle et al., they
designed micro—nanochannels with different heights, and
the voltages were configured as V; = Vy. The flux was con-
served, flowed in from the channel inlet, passed through the
nanochannel network, and finally flowed out of the micro-
channel exit. However, there was no tangential electric field
(V.= Vp) in their experiments or theoretical analysis. Then,
the IDZ propagated to both ends (inlet and outlet) of the
channel. In addition, their theoretical derivation neglected
the effect of vortices near the nanochannel network to obtain
the scaling law (~ \/;) for the IDZ propagation. However,
when the voltage satisfies V| >V}, a tangential electric field
forms at both ends of the channel, which affects the propa-
gation of the IDZ due to the EOF. In addition, the vortex
near the surface of the nanochannel network pushes and
extends the ion depletion zone to downstream of the chan-
nel (see Fig. 3a). The flow speed at the outlet is proportional
to the tangential electric field strength (U ~ (V}, — Vg)/L),
and the vortex produces a linear pumping effect, which is
consistent with our previous observations (Li et al. 2017).
Therefore, the propagation velocity of the ion depletion zone
is extended downstream of the channel due to the constant
velocity under the tangential electric field.

Degree of desalination

Here, the factors for ICP desalination are investigated,
including the effects of the buffer concentration, length
and performance of the nanochannel network, height of the
microchannel and tangential electric field on the desalination
efficiency. The desalination effect is one of the most impor-
tant applications of ICP systems. In this section, we con-
sider the effects of different parameters on the desalination
rate, which is instructive when optimizing the concentration
chip. Figure 4a shows the effect of the left end voltage on
the desalination rate given the same tangential electric field

(E = (Vy, — Vgp)/L). It can clearly be seen from the figure
that as the left end voltage V; increases, the desalination rate
of the system correspondingly increases. This is because the
increased left end voltage allows more cations to pass from
the micro—nanochannel interfaces, which then enhances the
strength of the ICP. Figure 4b shows the effect of the con-
centration of the micro—nanochannels on the desalination
rate, indicating that increase in the concentration causes the
rate of desalination to decrease. This is because increases in
the micro—nanochannel interface concentration result in a
stronger concentration gradient near the micro—nanochan-
nel interfaces, which enhances the local zeta potential and
reduces the salt rejection.

The size parameters can significantly influence the ICP
strength in the microchannel. Simulation results are given
to show the effects of the nanochannel network length and
the microchannel height for V; =16V, V=6V, V=4V,
and ¢, = 1 mM. As shown in Fig. 4c, increasing the length
of the nanochannel network corresponds to having more
nanochannels. This enhances the cationic leakage, thereby
growing the influential area of the ICP effect and increasing
the desalination rate. When the number of nanochannels is
fixed, it can be seen that the desalination rate decreases with
an increase in the microchannel height. As the height of the
microchannel increases, more ions can cross the potential
barrier [see our previous publication (Li et al. 2017)], which
results in a reduced salt rejection.

In addition, the buffer concentration has an important
impact on the desalination rate. Figure 4c shows the relation-
ship between the buffer and ion concentrations at the out-
let. For the considered voltage configuration of V| =16V,
Vr=6Vy, V., =4V, increasing the buffer concentration
improves the desalination rate of the system. This is because
a high concentration at the inlet can increase the electroos-
motic slip velocity U= — €{(¢)E,/n at the microchannel
surface, which drives more ions from the water into the
microchannel. The cations quickly leak to the nanochannel
network, which leads to a depletion of the ions downstream
of the microchannel. In addition, the illustrations in Fig. 4c
compare the desalination effect under low and high buffer
concentrations.

Mechanism of ICP desalination

Studying the ion dynamic in the micro—nanochannel is help-
ful to better understand the mechanism of ICP desalination.
Figures Sc gives the flux distribution of the cations and ani-
ons, respectively, where the curves represent the streamline,
the arrows represent the ion fluxes, and the arrow lengths are
proportional to the size of the fluxes. From Fig. 8, it can be
seen that the cations enter the micro—nanochannel at a high
speed and leak from the nanochannel network, which results
in only a small number of cations remaining in the water
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Fig.4 Influential factors for the desalination process. a Effects of the
tangential electric field. b Effects of a fixed microchannel with vary-
ing the nanochannel length. ¢ Effects of the buffer concentration on

downstream of the micro—nanochannel. For the anions, the
dynamic characteristics are relatively more complex. As
shown in Fig. 3b, the cationic leakage is saturated at t=0.5 s.
At this time, Fig. 3a shows that the anions are mainly trapped
in the vortex of the micro—nanochannel and only a few can
overcome the potential barrier and move downstream of the
micro—nanochannel. In addition, the anions move into the
micro—nanochannel with the fluid, but those in the vicinity
of the micro—nanochannel wall are subjected to large forces
from the electric field. This results in anions near the chan-
nel wall overcoming the water flow and entering the inlet of
the micro—nanochannel.

Figure 5a, b shows the velocities of the water and ions
over different cross-sections under a steady state when
t=0.5 s. As can be seen from Fig. 5a, b, the cation veloc-
ity (w; = J;/c;) is greater than that of the water, while the
anion velocity is smaller. This is because the cations fol-
low the fluid movement but are also driven by the electric
field, which further increases their speed; however, the anion
speed is weakened under the same electric field. By calculat-
ing the average velocity of the anions at the cross-section of
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the channel (U¢- = fc U dy/H = 0), itis found that average
speed of the anions is nearly zero at the inlet and outlet of
the micro—nanochannel.

Figure 5c¢ shows the average of the ion fluxes at the inlet
and outlet of the electrokinetic channel at different times. It
can be seen that in the steady-state conditions, the average
flux of the cations at the inlet of the micro—nanochannel
is 0.7x 107 mol/(m?s) and at the outlet is 0.3 x 10™* mol/
(mzs). However, under the steady state, the average fluxes
of the anions at the inlet and outlet of the micro-nanochan-
nel are much smaller those for the cation fluxes, which are
nearly zero. Referring further to the ion flux distributions in
the microchannel given in our previous work (Li et al. 2017),
it is found that cations enter the micro—nanochannel and pass
through the surface of the nanochannel network, but there
are almost no anions downstream of the micro—nanochan-
nel. Therefore, this ICP micro—nanochannel can be used for
desalination.

The effects of the nanochannel network performance
on the desalination are studied. If nanotubes in the nan-
ochannel network are sufficiently thin, they can induce
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overlapping EDLs, which then produce an ideal ion-selec-
tive effect and a strong ICP. As there is an inverse correla-
tion between the strength of the ICP effect and the voltage
on the surface of the nanochannel network, it is neces-
sary to introduce a surface voltage to describe the effect
of the nanochannel network performance. This means that
in the case of a low surface voltage, the performance of
the nanochannel network improves, so the corresponding
desalination rate increases, which is consistent with previ-
ous experimental results (Huang et al. 2016).

The effects of the tangential electric field on the desali-
nation are also studied. When the characteristics of the
nanochannel are constant, that is, when the surface voltage
is fixed, the increasing tangential electric field improves
the desalination performance. This is because the tangen-
tial electric field promotes cation leakage. In addition,
when the nanochannel network performance improves, the
effect of the tangential electric field on the desalination
becomes relatively small. However, when the nanochannel
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network performance is relatively poor, a larger tangential
electric field is required to improve the desalination effi-
ciency for the micro—nanochannel.

Electrokinetic mixing pump

As shown in Fig. 6a, there is a vortex pair near the surface
of the nanochannel network, where its maximum velocity
reaches ~4 mm/s. The anticlockwise vortex forms in the
middle left of the nanochannel network because the fluid
rapidly flows to the surface under the action of an electric
field force. The vortex then moves upwards due to the exist-
ence of a local pressure near the nanochannel network.
Finally, the vortex develops a rapid rotation. Similarly, there
is also a reverse but weak electric field force near the middle
right of the nanochannel network; thus, a clockwise vortex
is formed with a lower intensity. The nonlinear vortex on
the surface of the nanochannel network is a typical feature
of this type of micro—nanochannel system. These theoretical
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Fig.6 Mixing results and the streamline distribution under different
tangential electric field strengths. Parts a and d show the streamlines
and particle concentrations. (The black lines and arrows show the

results given in Fig. 6 are reasonably consistent with experi-
mental and quantitative theoretical results (Kim et al. 2008).

This concise device can also effectively act as a micro-
mixer pump. The definition of the mixed index (r) here uses
that from a previous method (Kim et al. 2008). Figure 6a, d,
respectively, shows the streamline distribution and mixing
results of the microchannel under different tangential electric
field strengths. Here, it is assumed that the concentrations of
the two parallel liquid streams have different concentrations
of 1 M/L and 10~* M/L. As shown in Fig. 6b, c, the mixing
effect of the particles decreases as the tangential electric
field increases. This is because the tangential electric field
enhances the vortex speed. However, the response time of
the particle mixing is shortened, which results in a decreased
mixing effect for the particles. Figure 6b, c shows the effects
of the tangential electric field (E; = (V, — Vi)/L) on the
mixing efficiency. It is seen that the mixing efficiency
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colors represent the distribution of the particle concentrations). Parts
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reduces when the tangential electric field strength is too
large. However, the mixing efficiency is close to the ideal
value for low electric field intensities. Based on the above
results, it can be found that an appropriate vortex intensity
is needed for the particles to mix, and the optimal mixing
efficiency reaches 99% as shown in Fig. 6b, c.

We also investigated the effects of the nanochannel
width on the mixing efficiency. Figure 7a shows the effect
of different tangential electric field strengths on the mix-
ing efficiency. We find that as the strength of the tangen-
tial electric field increases, the mixing is further reduced.
Figure 7b shows the relationship between the mixing effi-
ciency and the left end voltage V| and find that the mixing
efficiency decreases linearly with the voltage.

To explain this linear pumping effect, we analyze the
flow and pressure fields in the channel. Figure 7c, d,
respectively, shows the pressure and average flow velocity
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Fig. 7 Mixing results and the streamline distribution under different voltages. a Streamlines and particle concentrations. b Mixing index under

different left voltage conditions. ¢ Pump effect. d Average velocity

distribution within the channel. It is seen from the fig-
ure that the vortex near the nanochannel induces a lin-
ear pumping effect, which is consistent with our previous
work (Li et al. 2017). This also means that the concentra-
tion-dependent zeta potential and the fixed concentration
boundary can be used to describe the charged wall surface
characteristics. Whence, the simplified boundary condition
is considered to be reasonable. The average flow veloc-
ity and voltage have an approximately linear relationship,
indicating the vortex intensity increases linearly. Conse-
quently, this also leads to a linear decrease in the mixing
efficiency.

Conclusions and outlook

Herein, a multiphysics coupling model is presented by
introducing a fixed surface voltage to describe the effect
of the nanochannel network and the concentration-depend-
ent zeta potential to describe the amplified zeta potential
near the micro—nanochannel interfaces. By neglecting the
surface voltage boundary, the present theoretical model
simplifies to the one presented by Jia and Kim (2014).
For this simplified case, an excellent agreement between
the predictions from the present model and the previous
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model is achieved, which confirms the effectiveness of our
computational process. In particular, comparing the results
with experimental data for the voltage distribution (Kim
et al. 2009) and the vortex streamlines (Kim et al. 2008)
confirm that introducing the surface voltage to describe the
effect of the nanochannel network is necessary. The main
conclusions of the present study are as follows:

1. The scaling laws are linear (¢) and nonlinear (\/;) for the
time evolution of the depletion zone propagation due to
diffusion and convection fluxes, respectively.

2. The effects of the buffer concentration, length and per-
formance of the nanochannel network, microchannel
height and tangential electric field on the desalination
degree are investigated. By changing these parameters,
the salt rejection rate reaches up to 91%.

3. Detailed studies are performed to reveal the mechanism
for ICP desalination. The average anion fluxes at the
inlet and outlet of the microchannel are much smaller
than the cation fluxes, which are nearly zero.

4. This concentration chip can also effectively act as a
micromixer pump. By modifying the voltage configura-
tion, the mixing efficiency reaches up to 99%.

(a)

X w— S pm Nanoporous membrane —

This paper studies the mechanism for ion transport
through micro—nanochannel interfaces. These results fully
demonstrate the understanding of the ion transport and the
time evolution for the propagating depletion zone at the
micro—nanochannel interfaces. These conclusions provide
an important guide to the design and optimization of con-
centration chips. The concentration chip can also be used for
ions preconcentration (Wang et al. 2005; Sung et al. 2013)
and deposition (Chen et al. 2016; Chen et al. 2017).
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Appendix A: Numerical verification

See Fig. 8.
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Fig.8 Comparison of our presented results and the previous results. a Previous numerical results (Jia and Kim 2014). b Our presented numerical

results
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By neglecting the surface voltage boundary and no-slip
boundary caused by the nanochannel network, the presented
theoretical model can be directly compared to the simple
model presented by Jia and Kim (2014) to prove the correct-
ness of the numerical process. For this simplified case, an
excellent agreement between the prediction from the present
results and the previous simulation results is achieved. As
a result, the present numerical calculation process has been
validated.
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